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Introduction
Intensity - Duration - Frequency relationships of extreme precipitation events are of
high interest in hydrology. The building of infrastructure, like urban drainage, or desig-
nation of flood zone, to cite two examples, need, as groundwork, the recurrence intervals
at which extreme episodes of rainfall can occur, i.e., themaximum intensities that can be
expected for a given duration and return period.
The work presented in this manuscript was done in the context of a Doctorats In-
dustrials program. It is a program with financial support of Generalitat de Catalunya
that encourages the collaboration between enterprises, universities and PhD students.
In this case, theworkwas developed during three years in collaborationwith Servei Me-
teorològic de Catalunya (SMC). Therefore, the objectives of the project are defined from
a consensus between research and practicality. This collaboration is also disclosed in
the database of the project, which is data provided exclusively by the SMC, and the tools
and software that have been used as well as some of the followed policies, because tools
or practices already in use in the SMC have been preferred when possible.
The manuscript is structured in three main parts. The first part (Chapters 1, 2 and
3) is dedicated to present available data and submit it to a strict quality control and
homogeneity check. Quality control of the daily precipitation database was one of the
requirements of the SMC collaboration as it is of high interest to define tools to tackle the
quality control of historical data and the objectivewas to attain a knowledge of the global
state of this massive database. Chapter 3 includes a selection of daily rainfall series that
are reliable enough to proceed to the calculation of IDF relationships at high spatial and
temporal resolution.
The second part of the manuscript (Chapters 4 and 5) is dedicated to present the
methodology used for the obtainment of the IDF relationships and prepare the selected
series of daily rainfall to obtain, first, the series of expected maximum rainfall in 24
hours, and, subsequently, the intensity - duration - frequency relationships through the
use of a scaling exponent that is also determined from daily data. In this way, in Chap-
ter 4, series of annual maximum rainfall in 24 hours are obtained from daily data after
a correction with a multiplicative factor derived in the scope of the project. In Chapter
5 lays the groundwork of the temporal downscaling by obtaining the empirical scaling
exponent needed to implement the monofractal downscaling methodology.
Finally, in Chapter 7, the results of IDF relationships are presented and discussed.
The obtained results are provided as a set of maps that display the maximum expected
9
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intensity at a selection of durations (daily and subdaily) and for a selection of return
periods. The results are of high spatial resolution as they are obtained in a spatial grid of
1 km x 1 km. The results also have high temporal resolution as the intensity - frequency
relationship can be calculated at any duration at the locations of the grid nodes using
the provided empirical scaling parameter with validity as long as the duration ranges
between 1 hour and few days.
To aid in the comprehension of the manuscript, it should be noticed that a list of
acronyms is available at the end. Also that Fig[6.14] displays the names of the 42 coun-
ties in Catalonia and Fig[1.2] displays the main features of catalan topography; both
counties and topographic structures are oftenmentioned in the text to locate the regions
that are being discussed.
10
Chapter 1
AVAILABLE DATA IN CATALONIA
Daily rainfall data available in Catalonia are the foundation to achieve themain goals
of the project. Therefore, available rainfall data have been carefully quality controlled
and selected. In order to understand the origin of subsequently used data and the cli-
matic characteristics of the region in which the project applies, the present chapter is
dedicated to present the study area as well as the available dataset of daily rainfall data.
The spatial scope of the study is restricted to the territory of Catalonia because the
project is funded by a program of the Government of Catalonia, called “Doctorats In-
dustrials”, and it is in collaboration with the SMC, which provides data and has interest
in working with the results. However, some measuring sites just outside of Catalonia’s
borders are also included, in order to minimise boundary condition problems.
1.1 Study area and its climate
Figure 1.1: location of Catalonia in
Europe (source: Instamaps ICGC).
Catalonia (32·103 km2) is located in the north-
eastern corner of the Iberian Peninsula, limited on
the east by the Mediterranean Sea (along 580 km of
coastline) and the Pyrenees on the north. Fig[1.1]
shows the location of Catalonia in a map of Europe.
At Catalonia’s latitude (between40°Nand43°N),
confluence of cold polar and warm tropical air
masses occurs. This particular location added to
a complex relief gives rise to a large variety of cli-
mates. The orography of Catalonia is represented in
Fig[1.2] which displays the main units of relief and
rivers; altitudes over 2000 m a.s.l. are found at dis-
tances of less than 100 km from the sea. The most
important features are the Pyrenees, the Central De-
pression, the Ebro Basin and the Coastal Ranges.
11
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(a) Catalonia’s topography in detail.
(b) main mountain ranges and plains in Catalonia.
Figure 1.2: digital elevation model of Catalonia with the main features of its topography.
Source: ICGC.
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Catalonia’s climate is, in general, characterised by a very irregular rainfall pattern
with mild winters and hot dry summers. The nearby presence of the Mediterranean Sea
is a crucial driver of the region’s climate, in particular, it smooths air temperature and
can give rise to torrential rainfall in autumn, especially in the coastal areas. As distance
from the coastline increases, diurnal as well as seasonal temperature variations tend
to grow larger and precipitation amounts, in general, get reduced. In mountainous re-
gions, temperature is lower and precipitation more abundant. In the eastern Pyrenees,
summer is the rainiest season because of the importance of summer storms. The most
north-western area, also in the Pyrenees, has characteristics of an Atlantic climate, i.e.,
a precipitation with higher amounts and a more regular pattern.
The Climatic Atlas of Catalonia (Martín Vide and Raso Nadal, 2008) is a publication
of 32 sheets with temperature and precipitation maps. In Fig[1.3] two slides from the
Climatic Atlas of Catalonia are displayed. The first slide (Fig[1.3a]) shows that mean
annual accumulated amounts can be lower than 400 mm in the western area and over
1200 mm on the northern mountainous regions. The second slide displayed from the
Climatic Atlas (Fig[1.3b]) shows the seasonal rainfall pattern distinguishing the order of
the seasons in which the highest rainfall is collected; the rainiest season is most often
autumn, but only in the region that is most influenced by the Mediterranean, whereas
both spring and summer are the rainiest seasons in some areas. Winter is not a rainy
season because the usual synoptic situation of westerlies brings Atlantic low pressure
systems with a production of rain that is shielded in Catalonia by the high Iberian lands.
(a) mean annual rainfall (mm) in Catalonia. (b) rainiest climatological season pattern.
Figure 1.3: slides from Atles climàtic de Catalunya 1961-1990.
Source: Martín Vide and Raso Nadal (2008).
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The seasonal pattern of the rainfall varies greatly in Catalonia’s territory. The fol-
lowing slides from the Climatic Atlas of Catalonia (Martín Vide and Raso Nadal, 2008)
show the spatial distribution of mean total amounts of precipitation in each season in
the climatic period 1961-1990 (see Fig[1.4]).
(a) mean rainfall in Spring (MAM). (b) mean rainfall in Summer (JJA).
(c) mean rainfall in Autumn (SON). (d) mean rainfall in Winter (DJF).
Figure 1.4: seasonal rainfall climatological depths in the period 1961-1990.
Source: Martín Vide and Raso Nadal (2008).
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In fact, the whole Iberian Peninsula is a complex region in meteorological terms be-
cause of its complex relief and geographical location (Esteban-Parra et al., 1998). That is,
between mid-latitudes and subtropical latitudes; between two continents: Europe and
Africa; influenced by two seas: Atlantic Ocean andMediterranean Sea. Furthermore, the
Iberian Peninsula is a territory where extreme weather events occur and, especially on
the region of Mediterranean influence, both droughts and heavy rain events are usual
(Llasat and Puigcerver, 1994), (Lana and Burgueño, 2000). Because of its complexity,
rainfall is ameteorological variable of great interest in this territory (Saladié et al., 2007).
1.2 Data of the project
Rainfall data used in this project is provided by the SMC, although some measuring
sites are managed by other official Meteorological Services. The initial dataset consists
of 2,142 series, among them 1,726 are in Catalonia while the rest are near its borders
(in France, Andorra or Spain).
The coordinate projection system used in this project is ETRS89/UTM in the refer-
ence zone 31N, which includes the whole study area.
Each available time series contains daily data measured at a specific location. The
policy of the SMC demands that in the cases where a weather station is moved, even for
a distance of half a kilometre, the name of the station (as well as its unique identification
code) changes and data is stored in two different time series. These data come from
official weather networks of manual measurements (like theMeteorological Network of
Catalonia and the Balearic Islands created in 1894) or automatic weather stations (like
the ones managed under the SAIH which in Catalonia started in 1996). In the case of
manual measurements, daily collected data is read in the morning (between 7 a.m. and
8 a.m. depending on the protocol of the network) and stored as rainfall of the previous
day. For this reason, for use in this project, data originated in automaticweather stations
(thatmight store rainfall informationhourly) are accumulated from8 a.m. until 7:59 a.m.
of the following day.
Data stored in the SMC’s database comes from measuring sites which have been
managed in the past by several different organisations. Nowadays, data from currently
official meteorological services is periodically introduced in the database, i.e., measures
managed by the SMC itself (which are introduced in real time) and measures managed
by AEMet (which are introduced annually).
The network XEMA includes 209 automatic precipitation stations which have been
carefully quality controlled under themanagement of the SMC; in particular, since 2008,
data from this network is validated daily by technicians from the SMC, in the period
2008-2016 there are 189 stationswhich underwent a strict quality control, among them
171 are operational at least until 2016. A number of 150 stations of the network XEMA
have been drawn from thosewhich have data after 2008 and cover the study area evenly.
This selection of 150 series of confidently goodquality in the period2008-2016has been
15
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used to study the common differences in daily precipitation at different spatial points
(establishing a threshold for the automatic quality control) and to perform a verifica-
tion of the automatic quality control procedure explained in the next chapter. A differ-
ent selection of 120 automatic weather stations has been used to obtain and study the
empirical correction factor to transform one-day maxima into 24 hours maxima (see
Chapter 4). The selection of 120 series is different from the previous selection because
a long period of continuous measures is needed in this case; the correction factor is cal-
culated from series with aminimumof 15 years of data in the period 1988-2016 instead
of strictly quality controlled series in the period 2008-2016. A different set of 105 AWS
with at least 15 years of hourly data is used to construct IDF relationships at high tem-
poral resolution in order to validate the results of the temporal downscaling from daily
to hourly maximum expected intensity; these 105 series were selected later in the time
progress of the project and cover the period 1990-2017.
1.2.1 Spatial distribution of daily rainfall data
The spatial distribution of the available series is shown in Fig[1.5]. The spatial den-
sity of available series is extremely high. Specifically, a nearest neighbour analysis yields
an observed mean distance of 1.5 km and nearest neighbour index of 0.46 indicating
randomness (which would be the index 1) but with a tendency to clustering (index 0);
light tendency to clustering is reasonably expectable becausemeasuring sites tend to be
located in places of interest, e.g. near villages and accessible.
Figure 1.5: spatial distribution of available
daily rainfall measuring sites.
The series displayed, however, are the
whole set of available series at any time, i.e.,
not all of them actually have data at the same
time. In fact, most of the series are extremely
short (50% of them have less than 15 years),
hence, not useful for climatic studies. There
are a few series, though, which are extremely
long (10% have more than 50 years and some
of them cover over a century). Regarding com-
pleteness of daily data, the majority of series
have a very good percentage of available data
during their measuring period (50% of the se-
ries have over 95% of days with measures).
An important feature of the available set of
series is that by choosing aminimum length of
the time series, the territory can still be cov-
ered in a uniformway (with the drawback of a
consequent loss in spatial density). Indeed, choosing a minimum length of 30 years, the
remaining time series cover the territory with observed mean distance of 4.8 km and
nearest neighbour index of 0.69 (such subset increases the randomness of the spatial
16
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distribution of the measuring points because it filters most of the short series that were
relocated in the same areas).
1.2.2 Historic evolution of the number of daily rainfall series
On the analysis of available data, it is also interesting to observe the number of series
available per year as well as the evolution of this number in time. To this end, Fig[1.6]
displays the number of available measuring sites through the yearsmaking a distinction
according to the minimum completeness of the series in the given year.
Even if the instrumental history of Catalonia starts in the late 18th century, only
sparse measures appear since 1789 until 1855 and they have not been considered for
lack of continuity, nor are they digitised in the database of the SMC. On the recent de-
limiter of the study period, 2016 was the latest whole year that was considered in the
present project; it is a project that started in 2015 and the final selection of series and
the subsequent study was performed during 2017. Therefore, the considered period of
available rainfall data is 1855-2016. Nonetheless, a narrowerperiodneeds tobe selected
in order to have a required minimum of simultaneously available series.
Theoldest currently availabledaily rainfall series is (BN037) –Universitat deBarcelona
– C. del Carmewhich began its observations in 1855 in the city of Barcelona; themeasur-
ing site was located in the ancient building of the University of Barcelona in the centric
street “Carrer del Carme”.
Since 1895 more than 10 measuring sites are available simultaneously forming a
network instead of isolated measuring sites. The Meteorological Network of Catalonia
and the Balearic Islands started in 1894; it was created by the Granja Experimental de
la Diputació de Barcelona to fill a need of the agricultural sector (Anduaga, 2012).
During the 1910s, the number of availablemeasuring sites keeps increasing to reach
around a hundred series, managed under the Catalan Pluviometric Network, thanks to
the work done by the Astronomical Society of Barcelona (1910-1023) (Prohom Duran,
2006) in collaboration with the Central Meteorological Observatory of Madrid.
It is also during the decade of 1910 when weather stations that will keep operative
for over a century start taking measures. One example of these stations is (BB017) – Ob-
servatori de l’Ebrewhich has data for over 110 years (since January 1905) with only one
period of interruption of measures, between April 4th and December 20th 1938, during
the Spanish Civil War (actually, the dates of inactivity tightly include the period in which
the Battle of Ebro took place). It is the measuring site that has been measuring daily
rainfall in a more continuous way and for a longer time in Catalonia. Actually, another
available station, (BA053) – Abadia de Montserrat, currently operative as well, started
measuring before, in October 1st 1901, but has more periods of missing data, giving a
completeness of only 68% next to the 99% of BB017. Other weather stations currently
operative that have been measuring with a high continuity and for over a century are:
(AE052) – Cadaqués, (AP024) – Pantà de Foix, (MI006) – Moià-EEPP and (BN007) – Ob-
servatori Fabra. The case of Observatori Fabra is remarkable given the fact that its daily
17
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Figure 1.6: temporal evolution of available daily rainfall series, lines show a distinction depend-
ing on completeness, the most relevant features of the timeline are pointed out.
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rainfall series is continuous (with absolute completeness) since July 1st 1913.
From the 1920s, the number of weather stations increases continuously until 1936
when, due to the Spanish Civil War (1936-1939), the number of available series drops
severely (up to the point of finding in 1939 under a 25% of the mean number of series
available during the first half of the 1930s, regarding 80% completeness).
The years after the Civil War are a period of recovery for the number of available
weather stations, even if, after the initial and steep growth of the first three years, the
increase is low and the numbers previous to the war are not reached again until the
1950s.
In recent years, a higher number of weather stations are available, after they dras-
tically increased in 1996 with the establishment of SAIH. About ten years later, around
2006, an important part of those SAIH stations got progressively dismantled, but the
global number keeps steady thanks to the stations of the XEMANetwork (the first one of
them started in 1988) and the beginning of XOM (which corresponds to the most recent
increase, i.e., in 2009); both XEMA and XOMare networks of, respectively, automatic and
manual weather stations, which are currently managed by the SMC.
From 1995 and on, a clear distinction is observed in the number of available series
depending on completeness. This fact, which implies a considerable reduction of the
more complete series with respect to the total, is a consequence of the increasing num-
ber of available measuring sites and the fact that automatic stations at their beginning
could have more problems while manual stations had been fading between 2000 and
2010 due to the automation success.
In the analysis of the temporal evolution of daily rainfall available series, apart from
the general upward trend, two irregularities in the number of series are noticeable (in
1966 and 2004) with a more important reduction in the number of complete series
rather than in the total. The dip in 2004 is probably caused by a change in the communi-
cation system of the organisation managing the network at the time (ACA) whereas the
causes of the dip in 1966 are unknown.
1.3 Climatology from available data
From the available series of daily rainfall which have been operational for at least 20
years and have a maximum of 10% of missing data, climatic rainfall seasonal totals are
calculated and displayed in Fig[1.7]. Themaps have been obtainedwith an interpolation
technique which is a geographically weighted regression using altitude as an indepen-
dent variable and kriging to correct residuals. The interpolated precipitation follows the
known climatic patterns of the region (compare with Fig[1.4]).
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(a) mean rainfall in Spring (MAM).
(b) mean rainfall in Summer (JJA).
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(c) mean rainfall in Autumn (SON).
(d) mean rainfall in Winter (DJF).
Figure 1.7: seasonal rainfall climatological depths from series with a minimum length of 20
years of daily data in the period 1855-2016.
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Chapter 2
QUALITY CONTROL
The present project uses daily rainfall data provided by the SMC (see previous chap-
ter). The SMC has been working towards collecting and storing all weather data that
have been generated in Catalonia during its instrumental history (including the consid-
ered period in this project, 1855-2016). During this time period, available weather data
have been managed by many different organisations, especially during the 20th century.
Consequently, the initial dataset is a mixture of different measuring methodologies (in-
cluding manual and automatic rain gauges), quality control procedures (if any were ap-
plied) and metadata coding.
From 2,142 available measuring sites, a selection of daily rainfall series have been
drawn to be used in the present project. The quality control, however, has been applied
to the whole dataset. An important objective of the present project, encouraged by the
collaboration with the SMC, is to approach a global vision of the database and apply uni-
form quality control procedures to the whole set of available data in order to single out
suitable series for specific future studies as well as organise a more in-depth validation
of stored data. In the project, the quality control is needed, as in any study, to avoid in-
troducing non climatic signals to the results. In this particular case, the heterogeneity
in the origin of data, the high number of available series and the need to ensure a good
quality at daily resolution difficult the application of a quality control procedure.
2.1 Approaches to quality control
The first part of the performed approach is to review quality control procedures for
rainfall data found in the literature and be aware of the expected errors that could be
found in a daily dataset.
The World Meteorological Organization claims the importance of quality control-
ling meteorological data and encourages organisations entrusted with data collection
and storage to apply such procedures following some guidelines (World Meteorological
Organization, 2008).
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Nonetheless, there is not an established quality control procedure for precipitation
data (Branisavljevi  et al., 2009). Indeed, several authors as well as different meteoro-
logical and climatological organisations use different methods according to the needs
and characteristics of their data. A selection of remarkable methods follows, they are
commented as examples of different methodologies and the list should not be regarded
as exhaustive.
Shearman (1975) presented a quality control routine developed and applied in the
MetOffice. Itwas based on an interpolation from surrounding observations that enabled
comparison with the value that needed to be checked and could perform a reconstruc-
tion in case of accumulations, shifted day or erroneous time measurements.
Feng et al. (2004) used a series of checks in order to flag erroneous data and remove
it before reconstruction of missing values and homogeneity controls. The outcome was
thebuilding of a daily dataset for 1951-2000 inChina; the quality control checks extreme
limits, internal consistency, temporal outliers and spatial outliers.
You et al. (2007) explored the performance of three different tests for precipitation
based on empirical statistical distributions underlying the observations and decided to
adopt the Multiple Intervals Gamma Distribution (MIGD) method for their data.
Chen et al. (2008) described an automated and objective protocol established at
NOAA’s Climate Prediction Center to quality control, on real time, daily information of
gauges in the Global Telecommunications System. The procedure compares historical
gauge records, contemporary observations at nearby stations, satellite estimates and
numerical forecasts.
Sciuto et al. (2009) developed a procedure to automatically classify daily rainfall
data as “validated” or “not validated” before a further manual check. This procedure
consists in comparing observational data at one station with data at reference stations
making the validation by means of a neural network previously trained with historical
data which had been already validated.
Nie et al. (2012) applied several steps of previously established quality control pro-
cedures, namely, outlier filtering, duplication station check, internal consistency check,
extreme value check, temporal consistency check and spatial consistency check.
Serrano-Notivoli et al. (2017a) developed an automated quality control for daily pre-
cipitation data which compares each daily value with a set of two predictions obtained
from reference series (one of them is a binomial prediction showing the probability of
dry or wet day; the other one is a magnitude prediction that estimates the amount of
precipitation for the given day).
Even if there is not an established quality control procedure, most quality checks
start by cleaning big errors before facing the doubtful or more difficult cases (as men-
tioned by Einfalt et al. (2008) it is an approach that yields good results) in order to gain
increasing quality. Regardless of the methodology, it should be noticed that the dataset
can never be completely free from errors and that rainfall variability plays an important
role in the trickiness of quality control procedures, especially in the case of daily data.
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2.1.1 Examples in the Iberian Peninsula
Rainfall’s nature of spatial and temporal high variability is an added difficulty to the
quality control of this variable. In Spain, nonetheless, some endeavours have led to qual-
ity controlled databases of rainfall at a daily scale, with enough spatial density and tem-
poral length to beused in climate studies, someof themare also homogenised andothers
have a gridded format.
Romero et al. (1998) presented a study using a 30 year database of daily rainfall data
(for the period 1964-1993) for the Mediterranean regions of Spain. The database was
created by selecting 410 stations of the study area (with an average distance of 15 km
between them) from a number of 3366 available measuring sites. The series included in
the database were selected with a criterion of 90% completeness and a quality control
procedure developed by the authors was performed bymeans of an iterative estimation
of the considered value as an interpolation from reference stations. Missing values were
filled using the same interpolation method. In this way, the first objective of the authors
was fulfilled, namely, obtaining a complete daily rainfall database with the appropriate
density to effectively capture spatial variability in the region. The second objective was
using the aforementioned database to give a pluviometric characterisation of the region.
The authors presented such characterisation as several yearly and seasonal products
(distinguishing by decades in order to study possible trends). The obtained products
are mean precipitation, number of days with one-day rainfall above a threshold (set to
1 mm to quantify the number of rainy days and to higher quantities to quantify the oc-
currence of extreme events), mean rainfall per rainy day, mean duration of wet episodes
and mean duration of dry episodes, moreover, recurrence intervals were calculated for
each decade.
Lana et al. (2004) selected a daily precipitation database for the period 1950-2000
for a detailed analysis of the daily pluviometric regime in Catalonia. The database con-
sists of 75 rain gauges, but not all of them cover the period 1950-2000; 85% of the se-
lected 75 series, have an effective recording period of at least 31 years while the rest of
the series have a slightly shorter period. Homogeneity was checked bymeans of the Von
Neumann ratio test applied to monthly totals.
Vicente-Serrano et al. (2010) proposed a model for constructing databases of cli-
mate data and developed a database of 828 daily rainfall series for north-east Spain,
with varying coverage, for the period 1901-2002. Therewere 3,106 initial observatories
which were combined (in nearby cases) to provide long temporal coverage. Also, gaps
were filled and a quality control of daily data was applied (rejecting 0.1% of the values
and replacing themwith information from the nearest neighbour in case it was at amax-
imum distance of 15 km and had a Pearson’s correlation coefficient over 0.5). Finally,
the homogeneity of the series was tested using the AnClim software (Stepanek, 2003)
which applies the Standard Normal Homogeneity Test (SNHT) developed by Alexander-
sson (1986). The authors applied the homogeneity tests successively, rejecting series or
periods detected as inhomogeneous, to monthly precipitation amount, monthly average
number of rainy days above 1 mm,monthlymaximumprecipitation and number of days
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above the 0.995 percentile.
Herrera et al. (2012)developedadaily precipitationgriddeddataset, knownasSpain-
02, which is publicly available. The dataset has a regular horizontal resolution of 0.2°
(approximately 20 km) and covers the period 1950-2003. It was obtained from 2756
series of daily precipitation records that cover peninsular Spain and the Balearic Islands,
after selection among a much larger set of available stations; selection criteria involved
a minimum of 20 years of data in the final period and good performance in SNHT ho-
mogeneity tests. The mean distance between neighbouring selected stations was about
7 km. The grid was finally obtained from a kriging method in a two-step process, after
analysis of the most suitable interpolation method. The authors were concerned about
the suitability of a gridded dataset to perform studies on extreme events; they analysed
the capture of spatial and temporal evolution of extreme events by the developed grid-
ded dataset and concluded that its high quality and resolution made it appropriate for
such studies. They caution, however, the use of Spain02 to analyse trends, recommend-
ing a selection of long time series instead.
Serrano-Notivoli et al. (2017b)presentedapublicly available griddeddataset of daily
precipitation in Spain. The dataset was built from 12858 observatories covering the pe-
riod 1950-2012 in peninsular Spain and 1971-2012 in the Balearic and Canary islands.
Raw datawas quality controlled and gapswere filled using reference values for each day
and location. The authors computed reference values bymeans of a binomial prediction
(wet or dry day) and a magnitude prediction, using generalised linear models, from the
10 nearest neighbours. The final gridded dataset has a 5 km x 5 km spatial resolution
and was developed by estimating daily precipitation amounts and their uncertainty at
each grid node.
2.1.2 Possible errors in the dataset of the project
Large datasets can contain errors difficult to spot due to the impossibility of manual
checking. Nowadays, the SMC is focusing efforts in daily validating new coming in data.
However, the validation process becomes massive when looking back at long series.
Errors found in historical records are most often caused by digitalisation mistakes,
includingmisreading of original handwritten data, typographical errors and codification
errors (i.e., misusing numbers meant to code no-data or other circumstances).
A common error in a daily rainfall dataset is to havemissing values filled with zeros.
This can either be a consequence of mistakes in data treatment or a failure at reporting
rainfall accumulations of several days. A study of the extension and implication of these
errors in Australia can be found at Viney and Bates (2004). Fig[2.1] shows an example
of data that reached the project’s database as daily rainfall values while measures were
actually taken weekly.
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Figure 2.1: example of untagged weekly values.
It is widespread in quality controls to check for outliers which sometimes are re-
moved from the database as a correction method. However, outliers, understood as
values widely separated from the main cluster of points in the sample, are statistically
present in time series. On the contrary, extremely large values present in a rainfall data-
base are usually digitalisation mistakes or unreported accumulations of several days.
Fig[2.2] shows an example of a digitalisation mistake, the value of 502 mm was found
during an outlier check and the fact that nearby stations did not present large values
made it a suspect value. After checking this case with the original handwritten sheets, it
was replaced to its correct value: 9.5 mm (see Fig[2.2b]).
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(a) erroneous extremely large value.
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(b) correct value in the original measurement sheet.
Figure 2.2: example of erroneous extremely large value found in the database.
The repetition of identical values is an error that can arise, although rarely, from
digitalisation. Another source of this type of error is metadata codification as some pro-
tocols used to advise a repetition of the mean value to encode accumulations of several
days (a practice which is no longer followed in the SMC database because it can easily
lead to confusion). Fig[2.3] shows an example of an identically repeated value for 4 days.
The problem of the shifted day is a common source of errors in daily rainfall data
basically caused by the need for a convention regarding the date at which rainfall should
be assigned when it is measured in the morning of one day but it has been collected
during the previous 24hours (whichmainly correspond to the previous day). On a visual
inspection of data, shifted days are easily identified (see Fig[2.4]) but to detect them
automatically is complicated.
Other problems encountered in theproject’s databasewere inconsistencies between
replicated data in the SMC’s database (i.e., data that had reached the database by two
different ways but had been initially measured with a unique origin) and missing data
caused by non introduction of available measures in the database (e.g., 40 series had
missing data in the month of December 2012 because data provided annually by AEMet
had been introduced before the end of the year in those cases).
28
CHAPTER 2. QUALITY CONTROL
0
10
20
30
40
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
D
ai
ly
R
ai
n
fa
ll
(m
m
)
February 1967 (days)
VR063 (candidate)
VR092 (7,2 km)
VR076 (8,4 km)
VR077 (9,2 km)
VR085 (10,8 km)
SV001 (11 km)
VR022 (12,1 km)
VR028 (12,1 km)
OS060 (13,6 km)
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Figure 2.4: example of a station with shifted values, clearly identified against data of nearby
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2.2 Applied quality control procedure
In this section an automatic quality control procedure is presented. It has been spe-
cially designed for theneeds of the database used in the project and it has been applied to
thewhole set of available rainfall daily data from the SMC. Themain problemof the qual-
ity control of precipitation, especially for daily data, is a great inherent variability, both
spatial and temporal. The procedure that has been developed consists in several suc-
cessive phases aimed at labelling each series according to its quality and progressively
increasing the detail of error detection. On the one hand, doubtful cases are flagged en-
abling the selection of a dataset with the desired quality. On the other hand, data modi-
fication is done at some steps but only when the correct value from the original source
can be checked and removal is allowed in clear cases of error (e.g. physically impossible
data).
The quality control procedure is mainly automatic, although a manual revision is
recommended at some point. It follows different phases which are shown in the scheme
of Fig[2.5].
Phase 0 is a necessary initial inventory of available data, it consists in gathering the
data which is desired to undergo the quality control, making sure that all measures are
comparable (i.e., same time interval and units, in our case, daily precipitation data mea-
sured in the morning in millimetres) and identifying each station with its unique coor-
dinates (especially when data from different origins is assimilated, as it is our case, it is
important to check if the coordinate system is the same for all the stations); at this point,
it is recommended to display available series in amap and identify its spatial density and
spots where relative comparison could be difficult.
Phase 1 consists in a basic quality control which flags data which is physically im-
possible or doubtful; after the automatic check, a manual validation is recommended in
order to be aware of doubtful cases and try to find the cause of clear errors (digitalisa-
tion errors are the most common at this phase and checking original data could restore
the value instead of eventually losing data).
Phase 2 is an automatic labelling of each series according to an annual quality index
which has been designed to account for potential errors regarding absolute data of the
series (i.e., only data of the individual station, without comparison with other series).
Finally, a relative comparison (i.e., each series with a selection of reference series) is
carried out in phase 3 after selecting the best reference series according to the suitability
of their location and correlation of data with the the candidate series.
After the quality control is performed, the results will be interpreted with aid from
the verification process which has also been carried out in this study.
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Figure 2.5: scheme of the followed quality control procedure.
31
INTENSITY - DURATION - FREQUENCY OF RAINFALL IN CATALUNYA
2.2.1 Basic quality control
First of all, it is necessary to be sure that the available data are physically possible, in
the case of daily precipitation, it is necessary to verify that data do not contain negative
values or extremely large values (above 567 mm). The upper threshold for physically
impossible values has been set taking into account the climatology of the study area.
The maximum value of the probable maximum precipitation in 24 hours determined in
Catalonia by Casas et al. (2008) was 567 mm, being 430 mm the highest daily rainfall
ever recorded in Catalonia, collected the 13th October 1986 in Cadaqués (in the coast at
the northeast) during a flooding episode, comprehensively studied, known as "Aiguat de
Sant Eduard" Vigneau (1987). Thus, values above 567 mm incorporated in the database
might be errors from the digitalisation process, values intended to encodemetadata and
erroneously taken as precipitation values or undetected accumulations.
Within the basic controls, it is also recommended to review cases of daily precipi-
tation exceeding a certain threshold (with a compromise between the relevance of the
values and the number of cases that exceed it), analysing each case with help of graphic
representations and consulting, if possible, the original values or the synoptic situation
(from re-analysis). In this project, the threshold has been set to 300 mm.
Finally, the last of the basic controls is to detect identical values repeated for two or
more consecutive days, using a filter based on the number of consecutive days and the
repeated value, in order tomanually review themost serious cases (the highest repeated
values or the longer spells, see Table[2.1]). Many of these cases are codification errors
because of common old procedure to codify accumulations of several days was to write
down the equally distributed value to each one of the days. In these cases, the total pre-
cipitation amount can still be used to calculate monthly totals, but it leads to incorrect
daily values, hence, it must be removed from the daily dataset.
Precipitation value Minimum number of days in the spell
Above 10 mm 2
Above 1 mm 8
Above 0 mm 11
Table 2.1: threshold used to manually check repeated identical values during several consecu-
tive days.
2.2.2 Absolute quality control
Theabsolutequality control consists in analysing the series individually and labelling
them, by means of an automatic process, according to their probable quality. In order to
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assess the quality of the series, a quality index has been designed, considering the pos-
sible problems that are common in daily precipitation series. The quality index,Q, takes
values between 0 and 100 to indicate the absolute quality of the series: values above 80
indicate acceptable quality and below 50 very low quality. Q is calculated according to
Eq[2.1] and each station has an assigned value for every year of its sample.
Q =
1
5
(P +Qgaps +Qzero
m +Qzero
w +Qoutliers) (2.1)
The terms of Eq[2.1] are the following:
• P : percentage of annual data, calculated as the number n of available daily data
divided by 365 (or 366 for leap years).
• Qgaps: index that takes into account the distribution of gaps, penalisingmostly hol-
low interspersed with data, more than cases of unique periods without measure-
ment. If ngap is the number of periods with missing data, Lmaxgaps the length (in days)
of the maximum spell with missing data and n the number of days of the year in
which the series was operational,Qgaps is calculated as in Eq[2.2].
Qgaps = 100  100
2ngap + Lmaxgap
n
(2.2)
• Qzerom: percentage of months with accumulated precipitation over zero with re-
spect to the number of complete months during the given year. It aims to penalise
seriesmeasuring null precipitation formanymonths, as it is very likely that, in fact,
it corresponds to periods without measurement that have been filled with zeros
(false zeros). Ifm0 is the number of complete months with total null precipitation
and the number of complete months of the considered year of the given series,
Qzero
m is calculated as in Eq[2.3]:
Qzero
m = 100  100m0
m
(2.3)
• Qzerow: index that indicates the probability of having systematic cases of accumu-
lations of two or more days which had not been properly reported. It is based
on the fact that the number of precipitation days in a given year should be inde-
pendent of the day of the week. In the case of detecting a day of the week with
rainfall much less often than the rest throughout the year, the value of this index
decreases. However,Qzerow is not useful to detect in whichmoment the accumula-
tion occurred and gives the same treatment to false zeros and to nullmeasures that
repeatedly occurred on the same specific day of the week. It is calculated follow-
ing Eq[2.4], using the coefficient of variation CV (standard deviation divided by
the mean value) of the set ni (where i takes values between 1 and 7, depending on
the day of the week) that contains the number of days with precipitation equal or
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higher than 1 mm. It is considered that it be calculated as long as the studying year
has a minimum of 20 days measuring precipitation equal or higher than 1 mm.
Qzero
w = 100  100CV (ni) (2.4)
• Qoutliers: index related to the proportion of days in which the threshold of outliers
is not exceeded with respect to the total number of days of the given year. This
threshold is calculated in absolute terms for themonths from January toDecember
for each series (i.e., it is not restricted to the given year), using daily precipitation
data equal to or greater than 1 mm and three times the interquartile range above
the 3rd quartile (it is considered that it can only be calculated with aminimum of 7
days of rainfall equal or over 1 mm and one complete month of daily data). Given
the fact that a 10% of outliers is never reached, the index is scaled from a simple
percentage in order to be comparable to the rest of the indexes, the calculation is
performed following Eq[2.5] where noutliers is the number of days that exceed the
threshold and n is the number of days with data in the given year.
Qoutliers = 100  1000noutliers
n
(2.5)
2.2.3 Relative quality control
The relative phase of the quality control consists in comparing values measured at
a station with those indicated by the available reference nearby stations. Apart from
the choice of reference series, a source of difficulties in relative controls at daily level is
the comparison between values that are shifted, thus having a correct value but it being
assigned to a wrong date (usually shifts of one day). One approach to this problem is to
compare daily values with the corresponding day of the reference series and also with
the values shifted one day, the drawback is the added complexity in decision making in
case of automation. Another approach is to obtain the outcome of the quality check as
if no shift was present and then go over the cases of sequentially flagged values in order
to determine if they correspond to a shifted period; in this case, the drawback is the
unclear interpretation of the results. In the present project, the option of comparing the
daily valueswith the corresponding day and alsowith shifted dayswas inspected but the
decision to label a value as shiftedwas complex and could affect the results of the quality
control, it also took a computation time longer than itwas desired. Therefore, the quality
control was executed as if no shift was present and afterwards the distribution of labels
was analysed, but the interpretation of those results was not conclusive: the problem is
that shifted values usually occur during short periods and the quality control could label
shifted values as valid if they are very similar to the correct value.
In order to select auxiliary stations suitable for comparison with the candidate sta-
tion, an index has been designed to classify their adequacy or representativeness, R,
according to their spatial coordinates (considering distance and difference of altitude)
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and the correlation between measured data. This representativeness index is assigned
to each pair candidate station – possible auxiliary. Representativeness is calculated us-
ing the expression Eq[2.6], where d is the distance (in km) between the two stations,
h is the absolute value of the difference in altitude (in m) and Ccorr is Pearson’s corre-
lation coefficient (r) between the daily data of the candidate station and those of the
auxiliary station. The distance term takes values between 0 and 1 linearly decreasing
with distance up to the maximum considered radius (50 km). The altitude term takes
also values between 0 and 1 but it decreases exponentially with the increase in altitude
difference so that there is no upper limit to allowed altitude differences even if small dif-
ferences are considered more alike than greater differences which are highly penalised
with a term approaching zero. Regarding the correlation term, when the value of Ccorr
is negative, the zero value is assigned to this coefficient, as well as if the candidate sta-
tion and the auxiliary do not have a minimum of 25 days in which both have non-zero
precipitation. A part from the correlation term which ensures reference series with a
similar rainfall pattern, the terms of distance and difference of altitude have also been
considered necessary because of the topography of the territory. Indeed, in the study
area, great differences of altitude may be present at short distances while a distinction
in the terrain characteristics (such as altitude above sea level or distance to the coast-
line) might trigger different drivers for meteorological conditions.
R =
100
3
(
50  d
50
+ 0.5h/500 + Ccorr) (2.6)
In order to label daily values of the candidate station after performing a daily com-
parisonwith reference series, monthly thresholds are established fromhigh quality data
and are applied to determine the outcome of the quality control unless the conditions
to some special cases are met. At the end of the procedure, daily values are labelled as
valid, "V", doubtful, "D", invalid, "N", or insufficient information, "I".
Any candidate value with less than three auxiliary values fit for comparison will be
assigned label "I". More than one auxiliary is necessary in order to judge if a potential
error is present in the measure of the candidate or if it is a fault in the auxiliary. More
than two auxiliaries are desirable in order to obtain a solid global outcome based on
the average of individual labels assigned after comparison of the candidate with each
auxiliary.
Some special cases are labelled directly when the necessary requirements are ful-
filled. Only in case of having more than 7 auxiliary stations a daily value can be directly
labelled according to Table[2.2] or considered validwithmore than 15 auxiliary stations
if it falls between 1st and 3rd quartile of reference values.
In the general case (i.e., having at least three auxiliaries and not fulfilling the condi-
tions to be directly labelled as a special case following Table[2.2]), candidate values are
given an individual label, L, after the comparison with each auxiliary and, afterwards,
these individual labels are averaged in order to obtain the global labelwhich is thedefini-
tive outcome of the quality control for the considered value. The specifics to obtain the
35
INTENSITY - DURATION - FREQUENCY OF RAINFALL IN CATALUNYA
final outcome label are detailed following Eq[2.7], Eq[2.8], and Eq[2.9].
Candidate
daily value
Reference values
of 5 mm or less
Reference values
under 1 mm Outcome label
0 mm under 20% or under 1% N (false zero)
0 mm over 90% or over 75% V (correct zero)
over 15 mm over 99% and over 90% N (isolated value)
Table 2.2: outcome labels for special cases.
Individual labels (i.e., for each pair candidate - auxiliary) can only be "V" (valid) or
"N" (invalid). They are obtained using a previously set threshold, T , calculated following
Eq[2.7] which depends on themonth of the considered daily measure and the represen-
tativeness,R (Eq[2.6]), between the candidate and the auxiliary.
T = Cm · ln(101 R) (2.7)
Where Cm is a coefficient which depends on the month (see Fig[2.6]).
T has a lower limit zero (ln(1))when representativenessR is 100 (equivalent to can-
didate and auxiliary being the same station, i.e., at the same location and with perfectly
correlated data) and grows logarithmically with increasing distinction between candi-
date and auxiliary (i.e., increasing distance, increasing altitude difference and reduction
in data correlation).
Thedifference (Dif) used for comparison (calculatedwith themeasuredvalue at the
candidate station, PPTc, and the measured value at the auxiliary station, PPTaux) is, in
fact, a relative difference (divided by the average of both values) and scaled multiplying
by the maximum, following Eq[2.8].
Dif =
|PPTc   PPTaux|
Av(PPTc, PPTaux)
Max(PPTc, PPTaux) (2.8)
Where PPT is the daily value of the candidate (c) or the auxiliary (aux).
The function in Eq[2.8] has been chosen for comparison with reference values be-
cause it enhances the distinction and does not treat small and large values alike (as
would happen with a strict relative difference where the values 1 mm versus 2 mm pro-
duce the same comparison (i.e., the double) than 10 mm versus 20 mm).
In case the difference between the measured values of the pair is under the thresh-
old, the outcome of the individual comparison is label "V" (i.e., theymeasure values sim-
ilar enough, where the differences can be accounted by the difference in location), while
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cases in which the difference exceeds the threshold have an outcome for the individual
label of "N".
In order to achieve a final label "V" after relative comparison, the candidate station
must obtain more than 50% in a weighted arithmetic mean, Wm, (see Eq[2.9]) of the
individual labels of all the pairs candidate-auxiliary. In case of obtaining between 20%
and 50% of the weighted arithmetic mean, label "D" will be assigned to the candidate
value and if less than 20% is obtained, the ultimate label of that value will be "N".
Wm = 100
P
aux[(R Rmin)2L]P
aux(R Rmin)2
(2.9)
WhereL =
241 if individual label is V
0 if individual label is N
, andRmin is theminimum allowed representative-
ness, set to 70.
In the general case, where the outcome label is assigned depending on the results
of daily comparison between the candidate station and auxiliaries following Eq[2.7],
Eq[2.8], and Eq[2.9], the monthly coefficient Cm is needed to determine the thresh-
old. Coefficient Cm is displayed in Fig[2.6] and has been established after a study based
on daily precipitation values of 150 stations of the XEMA during the period 2008-2016
(when these stationshaveundergonequality checks onadaily basis). Thedetermination
of the threshold for each month is performed by organising, according to the represen-
tativeness (see Eq[2.6]), the daily scaled relative difference of precipitation (obtained by
Eq[2.8]) at pairs of stations. Then, the value of 10 times the interquartile range above the
0.95 percentile of the set of points is found for eachR and the obtained values are fitted
logarithmically to find Eq[2.7], where the coefficientCm depends only on the considered
month of the year. Fig[2.7] shows the fitting of the thresholds from points obtained at
10 times the interquartile range above the 0.95 percentile as well as all the observed
differences.
The empirically obtained coefficients Cm show a seasonal cycle with high values in
the summer months and low values in winter (see Fig[2.6] and Fig[2.7]). The high-
est values correspond to months when summer storms are likely to occur (form mid-
summer to early autumn, i.e., July to September); these stormsare characterisedby short
episodes of heavy rain which yield an extremely irregular pattern on surface measuring
stationswith potentially high rainfall amounts at some points and, hence, cause high dif-
ferences in measures taken even at close locations. On the other hand, winter months
(December to February) are characterised by episodes of continuous uniform rainwhich
yield homogeneous spatial patternswith lowdifferences inmeasures taken at distant lo-
cations. In between, we findmonths corresponding to spring and late autumnwhich can
produce both kinds of rainfall episodes but tend to present widespread rain and usually
coincide with the rainiest seasons in the region of our study.
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Figure 2.6: coefficientsCm of the threshold’s function (depending on the month). Black dashed
line is a 3rd order polynomial tendency line displayed to aid visualisation.
2.2.4 Verification of the quality control
The daily rainfall quality control designed for the set of available stations in the
SMC’s daily rainfall database has been verified by introducing controlled errors and ana-
lysing the obtained results. The quality control method can be verified taking advantage
of the availability of data from automatic stations incorporated into the XEMA network
managed by the SMC. Data measured at these stations is subject to a daily manual vali-
dation by the SMC technicians that has been carried out since 2008 and up to now.
In order toperformaverificationof the automatic quality controlmethod, the results
obtained in 150 stations across the territory have been analysed after introduction of
controlled errors in the data. It is performed bymeans of a count of false positives (type
I error) and false negatives (type II error), see Table[2.3].
Null hypothesis (H0): the value is correct
TRUE FALSE
Decision
aboutH0
Fail to reject
(label as "V")
Correct inference
(True Negative)
Type II error
(False Negative)
Reject
(label as "N")
Type I error
(False Positive)
Correct inference
(True Positive)
Table 2.3: error types.
In our case, type I errors are cases in which the method labels a correct value as
invalid; it is calculated as the percentage of "N" labelled values over the total number of
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(a) January (b) February (c) March
(d) April (e) May (f) June
(g) July (h) August (i) September
(j) October (k) November (l) December
Figure 2.7: threshold values for each month obtained from fitting the values of 10IQR above
the 0.95 percentile of observed scaled relative differences in pairs of automatic weather stations
from 150 selected XEMA stations in the period 2008-2016.
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cases that the method is capable of labelling, considering the control series (which are
known to be correct). A total number of 465,551 cases have been considered in order to
calculate type I error, it is the number of days that the relative quality control is capable
of labelling (considering the 150 control series). The verification result indicates that
the type I error committed in the method is on average 0.7%, for values under 50 mm
there are a 0.1% of false positives, at most 1.5% for rainfall values under 100 mm and
under 10% for rainfall values under 150 mm; greater amounts have not been considered
as these quantities have seldombeenmeasured by the analysed stations (in fact, only 63
cases are measures between 100 mm and 150 mm.
Type II errors, in our case, are undetected errors in available data, i.e., cases which
the method labels as valid but are actually invalid. Given the fact that actual errors in
data are uncontrolled and it is precisely what needs to be flagged, the analysis of this
type of error produced by the method is performed by introducing controlled errors in
valid data, that is, in the subset of control series that are labelled as valid by the method.
These controlled errors have been introduced by multiplying the measured value by a
factor and the results have been analysed depending on the rainfall amount indicated
by the original value and the magnitude of the introduced error. However, type II error
dependson themagnitudeof the introducederror (i.e., for errors that yield a valuewhich
is very similar to the original measure, failing to reject the error in not a deficiency of
the method) and the amount of actual rainfall (i.e., for small amounts, the capacity to
distinguish between original measures and values modified by a multiplicative factor
is limited by rainfall’s inherent variability). In this way, type II error is reduced as the
magnitude of the error grows as well as with higher amounts of rain.
Results of type II error obtained on the verification are displayed in Fig[2.8], where
it can be seen, for instance, that errors of five times the correct value for rainfall under
20 mm are not detected in 16% of the cases whereas a similar type II error is found for
errors of twice the correct values in the case of rainfall up to 100 mm.
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Figure 2.8: type II errors found in the verification of the quality control method, depending on
the value of the original data and the multiplicative factor introduced to modify it.
The method becomes optimal when both types of errors are minimised. The per-
formed verification ensures that, in the results obtained through the quality control
method, data labelling as "N" is done with great security (since type I error is very low).
On the other hand, data labelled as "V" is better accomplished for high amounts rather
than for low values. Therefore, this methodology is suitable for quality controlling ex-
treme values (above 50 mm) yielding type II errors (failing to reject invalid data) under
16%when data is twice the correct value.
2.3 Resulting quality controlled series
This section is a discussion of the results after application of each step of the de-
signed quality control. The procedure has been applied to the available dataset of 2,142
series in the period 1855-2016. The outcome at each phase of the quality control is anal-
ysed and thefinal results include a studyof the number of doubtful cases detectedduring
the automatic quality control and a way of selecting series with minimum quality.
2.3.1 Basic quality control
The basic quality control consists in extracting a list of physically impossible data
(negative values and rainfall above 567 mm) and doubtful cases which should be man-
ually checked (rainfall above 300 mm and consecutively repeated non-zero values). A
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total of 12 negative cases were found, among them, 10 cases were in the same station
with the value -999; the other 2 were values of -1 and -2. These 12 cases are codifica-
tion mistakes, for instance, -99.9 is the value used to code missing data (which is inter-
preted as "missing value" when introduced in the database, hence, it is not read as data
when extracting values that have been introduced correctly). On the upper threshold of
physically impossible data, only one value was found in the database above 567 mm, an
isolated value of 700.5 mmwhich was removed after checking that it was an erroneous
value. However, 28 values above 300 mmwere found; they were checkedwith the infor-
mation of nearby measuring sites and consulting their original handwritten data when
possible. After the check, 4 values were considered to be mistakes: a value of 322.4 was
restored to its correct amount (32.4 mm) and the other 3 values (461, 461.1 and 465.1)
were removed from the database. The list of consecutively repeated values has a total of
1,058 cases, among them, 9 cases repeated formore than 3 days and 4 cases repeated for
more than 10 days; the highest values repeated over the longer spells were checked an
removed from the daily database when necessary, although most of them are kept with
a flag that only considers themwhen extracting monthly data from the database as they
are not correct at daily resolution but they add to the correct amount of monthly total.
2.3.2 Absolute quality control
Fig[2.9] shows the percentage of stations with a specific value of the global Q in-
dex (averaged over the whole period of availability for each series) calculated for all the
series of the present project (2,142 in total). A distinction is made between manual sta-
tions and automatic stations. As expected, the series coming from automatic stations
have shown better global quality indexes than manual stations (which are much more
numerous and usually longer, so they have potentially more problems). The average
value of this global quality index in the whole set of considered stations is 82.0, the me-
dian is 87.1 and the first and third quartile are, respectively, 78.1 and 90.5; these results
prove a goodworking of the index, considering that the value of 80was set as a threshold
of acceptable quality following the design of the index.
Fig[2.10] shows the spatial distribution of the Q index (Fig[2.10a]) and the individ-
ual indices that form it. It is observed that the indices do not present any pronounced
pattern, although there are some peculiarities. The global Quality Index (Fig[2.10a]) has
uniformly distributed values, which indicates an even spatial distribution of the prob-
lematic measuring sites. Therefore, the index is not dependent on climatology (which
is variable in the territory). A zone in the centre and slightly to the north could seem to
have a lower presence of low indices but this is related to a lower density of stations.
The twoparts of theQuality Index that are related to thepercentageof data (Fig[2.10b]
and Fig[2.10c]) show a uniform spatial distribution which influences the result of the Q
index. The majority of low values coincide in both indices but some cases of low per-
centage of data have mediumQgaps index meaning that the gaps are localised instead of
scattered as it is usual.
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Figure 2.9: percentage of stations for each global Quality index value, distinguishing between
Automatic andManual weather stations (averaging the Quality index over the whole periodwith
data at each measuring site).
TheQzerom termof theQ indexpresentshighvalues in general, withonly twoweather
stations under the value of 40 when all the years are averaged. These two cases areMN
- Montornès del Vallès and VR101 - Lliçà de Vall - Ca l’Estaper. The first one is an auto-
matic station which covers a short period (under 10 years) and is currently dismantled;
it is suspected to have had poormaintenance. The second case of low values of averaged
Qzero
m index has allowed to detect a station with a long period of data (from 1992 to
2013, both whole years included) in which no precipitation was registered and each of
the days has the value 0mm. A part from these exceptional cases, the spatial distribution
of Qzerom index shows that values between 40 and 80 are concentrated in the coast or,
especially, on the southern half of Catalonia (see Fig[2.10f]); these results are consistent
with the climatology of those areas, which are more arid and could have longer spells
without precipitation, but the three months dry spell is an exceptionally long period in
the whole of the study area and, in the majority of the years in which Qzerom presents
low values, it will reflect an actual measurement issue in the station.
TheQzerow term of theQ index has its highest values (between 80 and 100) concen-
trated in the north (in the Pyrenees and eastern pre-Pyrenees) and lower values (be-
tween 20 and 40), although there are very few of them (5 cases), in the central coast up
to the prelitoral depression (see Fig[2.10e]). This index has proven to be the less satis-
factory of the terms of theQ index as it can not detect measurement issues efficiently.
Qoutliers is the last terms of Q index and it has a characteristic spatial distribution
(see Fig[2.10f]). A remarkable feature is that its values, that range between 75 and 100,
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(a) Global Quality Index (Q) (b) completeness of data
(c)Qgaps (d)Qzerom
(e)Qzerow (f)Qoutliers
Figure 2.10: spatial distribution of mean Quality Index (averaged over the whole set of years
with data at each measuring site).
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are higher than in the other indices; it had already been expected in the design of the
index, as outliers are rare cases by definition, but even if the behaviour of outliers was
taken into account, the mean results exceed the expected value.
2.3.3 Relative quality control
The outcome of the relative quality control procedure has yielded a label for each
daily value of the whole set of available series in the database of the study. Table[2.4]
summarises the number of analysed cases and the obtained labels after the application
of the quality control procedure.
Daily
values
Valid cases
(label "V")
Doubtful
cases
(label "D")
Detected
errors
(label "N")
Cases without
enough
information
(label "I")
14,144,395 10,466,655 15,228 30,521 3,631,991
(74.0%) (0.1%) (0.2%) (25.7%)
Table 2.4: number of obtained labels for each category.
The results of the quality control show that an important part (25.7%) of the days
have not been labelled according to their quality because there is not enough informa-
tion to reach a decision, and they have been labelled as "I". Regarding the number of
series (instead of the total daily values), of the 2,142 initially available series, a 5.7%
have aminimumoperating period of 15 years overwhich it has not been possible to per-
form the relative comparison at any time. The fact that whole series undergo the quality
control without obtaining an outcome on any of their days is a weakness of the method
triggered by low spatial density ofmeasurements in some temporal periods, because the
automatic procedure cannot label values without a minimum number of neighbouring
stations that fulfil the necessary requirements. However, certainty in labelling has been
prioritised over forcing to produce an outcome.
Regarding the subset of days in which it is possible to perform the comparison, the
percentage of data labelled as valid is a 99.6%. These results indicate an outstanding
quality of the initial database. Even if a type II error of up to 16% might be committed,
the percentage of valid data in the initial database would be between 83.6% and 99.6%.
Apart from the verification process already presented, a manual checking of some
cases has been performed in order to further validate the automatic labelling. This anal-
ysis has revealed that an important part of correctly detected errors are values with a
problem on the day at which the value is assigned. Specifically, shifts of one day. Some of
these cases had already been detected at early stages of the planning of the quality con-
trol procedure but they were overlooked because of the complication associated with
approaching this sort of error.
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Furthermore, an analysis of the obtained results is performed based on the number
of available series per year which achieve a minimum quality. Three levels of quality
have been defined, namely: acceptable, good and excellent quality. The quality of the
series at each year has been assigned depending on the completeness of daily data, the
quality index previously designed and the performance in the relative quality control
(i.e., a maximum percentage of automatically assigned days as "N"). The three levels of
quality are described in Table[2.5] where the threshold of Q = 80 corresponds to the
acceptable quality value according to the design of the index and the number of invalid
cases up to 10% is close to the type I error for high amount of collected rainfall (i.e., over
150 mm).
Acceptable
quality
Good
quality
Excellent
quality
Completeness of daily data 90% 95% 100%
Minimum quality index 80 85 90
Maximum "invalid" ("N") days 10% 5% 1%
Table 2.5: levels of quality.
Fig[2.11] shows the temporal evolution of the number of series that annually com-
ply with the three aforementioned levels of quality as well as the total available series.
The temporal evolution of the availability and quality of the series can be analysed in
three broad sections. In the first section (from the beginning of the considered period
and until themid-1970s), the number of available stations as well as the number of high
quality series increases progressively, except for the period corresponding to the Civil
War, where both the quality of the series and the number of availablemeasurement sites
dramatically decreases. In the second section (approximately between 1974 and 1995)
the number of available stations is stabilized and so does the number of high quality
stations (the series of excellent quality are the more variable with time but there are
around 230 stations) so that the percentage of stations that annually exceeds the pre-
determined excellent quality level is approximately 49%, whereas good quality stations
are 73% of total available series. Finally, in the most recent period (as of 1996) there
is a sudden increase in the number of available stations caused by the proliferation of
automatic stations. The percentage of detected errors in the recent period (since mid-
1990s) is progressively reduced even if the number of series that pass the established
minimums of quality does not reflect it, as it is strongly influenced by the completeness
of the series; the percentile 0.95 of invalid ("N") days has a mean value of 1.4 in the pe-
riod 1985-1994 and it is reduced to a mean value of 0.6 in the period 2010-2016.
Fig[2.12] displays the number of series regarding the length of years with high qual-
ity data. For a shorter required length, the number of series is higher; however, there
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Figure 2.11: temporal evolution of the number of available series at each year and series with
a minimum quality: acceptable quality (90% completeness, minimum quality index of 80 and
detected errors under 10%), good quality (95% completeness, minimum quality index of 85 and
detected errors under 5%) and excellent quality (100% completeness, minimum quality index
of 90 and detected errors under 1%).
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are 80 series with at least 65 years of data and, among them, 12 series achieve a level of
excellent quality in the sameminimumnumber of years. The total number of serieswith
at least 10 years of operability is 1423 and 47.6% of them have excellent quality while
75.8% have good quality. Regarding the series with at least 30 years of data (a total of
434 series), 34.3% have excellent quality while 62.7% have good quality.
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HOMOGENISATION AND SELECTION OF
SERIES
In the present chapter a dataset of high quality data is presented. It consists in a sub-
set of available data in the time period 1942-2016. It is a sub-period of the global time
period of data presented in previous chapters, in order to select a common periodwith a
minimum coverage of spatial data to be used in the rest of the project. After the exhaus-
tive quality control applied to the whole set of available data (see previous chapter), a
subset of high quality series is selected (it is strongly recommended (Aguilar et al., 2003)
to quality control data before applying a homogenisation procedure due to the false de-
tection of change points caused by erroneous measures) and homogeneity checks are
applied in order to select the most suitable series to estimate the maximum expected
precipitation at high spatial resolution.
Homogenisation techniques are necessary to prevent non-climatic signals from be-
ing introduced to the analysis of data. In the present project, homogeneity of daily rain-
fall series has been checked at a monthly resolution in order to select homogeneous se-
ries from the available dataset. The correction of detected inhomogeneities is beyond
the scope of the project and has not been performed. Therefore, the series used in sub-
sequent parts of the project have been chosen after selecting the best series according to
their performance in the quality control and homogeneity checks, but the original data
of the selected series has been used without attempting to correct daily values nor fill
missing data.
3.1 Homogenisation of climatic data
In climatology, a homogeneous series is defined as the temporal series of ameteoro-
logical variable with oscillations that are only caused by the atmosphere’s behaviour.
A non-homogeneous series, however, is a time series with inhomogeneities or artifi-
cial breaks (also known as change points) caused by variations in the measuring con-
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ditions (e.g., changes of location or measuring instruments, growth of vegetation). In-
homogeneities can appear as an abrupt change in the mean value of the variable or as
an artificial trend. Therefore, the term homogenisation describes the set of techniques
used to distinguish the climatic signal from variations caused by artificial factors.
In the process of homogenisation of climatic series it is useful to have availablemeta-
data (Aguilar et al., 2003), i.e., stored non-climatic information about themeasuring con-
ditions. Therefore, the storage of information related to location, type of instruments
and other circumstances of the measuring site and the documentation of any change on
these circumstances is an important job of the organisations responsible for the mea-
suring networks. However, it is not always possible to access metadata or they might
be incomplete; hence, there are some homogenisation techniques which do not use this
information and most of the existing techniques do not need it fundamentally.
Several techniques existwith the objective of detecting and correcting inhomogenei-
ties, however, some of them are more appropriate than others depending on the meteo-
rological variable, the temporal scale or the spatial density ofweather stations (in case of
relative homogenisation). In fact, different techniques have been developed by different
research groups in order to adjust to their own needs and data (Aguilar et al., 2003).
A review of the existing homogenisation techniques and a classification according
to their characteristics can be found at Peterson et al. (1998) and Ribeiro et al. (2015)
and an analysis of the performance of some methods for precipitation data at Beaulieu
et al. (2008) and Venema et al. (2012). The distinction between absolute and relative
methods is particularly important. On the one hand, absolute methods use information
of exclusively one time series (the candidate series) but in order to distinguish climatic
trends from artificial breaks it is necessary to have access to reliable metadata; other-
wise, according to Ribeiro et al. (2015), an absolute method could introduce inhomo-
geneities instead of correcting them. On the other hand, relative methods need one or
more reference series in order to distinguish a climatic signal from an artificial inhomo-
geneity and they might require the reference series to be already homogeneous. Rela-
tive methods are clearly recommended instead of absolute methods by Guijarro (2011),
and Domonkos and Coll (2016) claim that relative homogenisation can help to remove
even relatively small non-climatic biases from data when the network of spatial mea-
surements is sufficiently dense.
Homogenisation procedure is the name given to a set of techniques used to imple-
ment a methodology with the objective of homogenising specifically climate data series.
The SMC currently works with two homogenisation procedures: HOMER and ACMANT,
which are applied to temperature and precipitation series. Both HOMER and ACMANT
were developed during the Action COST ES0601 Advances in homogenisation methods
of climate series: an integrated approach (HOME) which, between 2007 and 2011, anal-
ysed the strengths and weaknesses of available homogenisation methods (like MASH,
developedby theHungarianMeteorological Service, Szentimrey (2006); Prodige (Causs-
inus andMestre, 2004), AnClim (Stepanek, 2003), Climatol (Guijarro, 2018) or RHtestV3
(Wang andFeng, 2009))with the objective of achieving a generalmethod for homogenis-
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ing climate and environmental data by an improved synthesis of the most effective sta-
tistical procedures for detection and correction of inhomogeneities COSTAction ES0601
(2011). HOMERwas the procedure resulting of the COST Action ES0601 (2011), but AC-
MANT (also based on the existing PRODIGE Caussinus andMestre (2004) procedure for
the detection of inhomogeneities) was developed in parallel by Peter Domonkos and
tested on the benchmark dataset used to analyse existing procedures. ACMANT has the
advantage over HOMER of being fully automatic; the implementation of the algorithm
by users with different degrees of training was found to be one of the important factors
in the results of the homogenisation by the COST Action ES0601 (2011), therefore, au-
tomatic procedures, which reduce the user decisions, produce reproducible results and
are more suitable for users with low training.
3.1.1 Homogenisation of daily rainfall data
In order to perform climatic studies of precipitation or obtain maximum expected
rainfall, it is necessary that the series are homogeneous. The task, however, is complex
because of the great spatial and temporal variability inherent in precipitation. There
have been recent advances in the development of homogenisation techniques, their ap-
plication to precipitation and the increase in temporal resolution; for instance, ACMANT
(Domonkos, 2011) was developed during the COST Action ES0601 (2011) initially to
homogenise temperature series but it was later developed to ACMANT2 that included
methods to homogenise precipitation and the option to downscale the correction to the
daily scale (Domonkos and Coll, 2016). Nowadays, nonetheless, there is still a need to
improve the methods used to homogenise precipitation (Ribeiro et al., 2015).
One of the conclusions of the review made by Ribeiro et al. (2015) is that results of
homogenisation at an annual scale are, in general, better than at higher temporal resolu-
tion (i.e., shorter duration) because of the increase in the variability of the time series at
shorter duration. Therefore, themost usual procedure to homogenise precipitation is to
use accumulatedmonthly or annual rainfall instead of using homogenisation techniques
for daily data. A different, but not usual, approach to reduce the complexity added by the
high variability is to use derived quantities as the number of rainy days per month, the
maximum monthly rainfall in 24 hours or the number of days with rainfall above the
0.995 percentile; monthly homogenisation techniques applied to rainfall derived quan-
tities are applied at Vicente-Serrano et al. (2010) to obtain a daily precipitation database
for the north-east of Spain.
The two previously mentioned procedures (HOMER and ACMANT) that are used in
the SMC can be used to detected multiple inhomogeneities at a monthly scale in tem-
perature and precipitation time series and they are able to correct data at a daily res-
olution. Although in case of HOMER, the daily downscaling can only be done with the
joint use of SPLIDHOM Mestre et al. (2011). It should be noticed that the detection of
multiple breaks in a single temporal series needs mathematical methods that include
the joint treatment of mutually dependent factors (Domonkos and Coll, 2016) and it
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is not as simple as an iterative correction and new detection of single breaks. Exist-
ing comparisons between HOMER and ACMANT are mainly focused on temperature,
see for instance: Pérez-Zanón et al. (2015). However, Domonkos and Coll (2016) ex-
plains that both HOMER and ACMANT come from a similar theoretical background and,
hence, they consider it reasonable to assume both procedures could exhibit a similar
efficiency and recommend a choice between HOMER and ACMANT based on the charac-
teristics of the dataset. In particular, Domonkos and Coll (2016) recommend the use of
ACMANT for datasets without metadata, dense networks with high correlation between
time series and (after the practical advantage of using an automatic procedure) for very
large datasets. In summary, relative homogenisation techniques are used to compare the
temporal behaviour of each candidate series with that of a reference series (formed by a
weighted averageof available series in the sameclimatic area as is the caseofACMANTor
as an independent pairwise comparisonwith each available series in the neighbourhood
as is the case of HOMER) to detect periods in which the relative behaviour is different
than in the rest of the time period. In the case of precipitation, the comparison is made
by means of the ratio of accumulated monthly data. Fig[3.1] shows the mentioned com-
parisonwith reference series in the formof a ratio series, aswell as the suggested breaks
in the mean value of the ratio series; in this case, after HOMER’s pairwise detection, the
user must choose which suggested breaks are actually considered as non-climatic inho-
mogeneities (in case they are systematically repeatedwith different reference series and
after checking metadata for the candidate station).
Figure 3.1: sample of the first three pairwise comparisons of HOMER with reference series of
a candidate example series. Vertical lines mark automatically suggested breaks; red circles indi-
cate user’s choice of actual inhomogeneities due to repetition of the break at the same position
with several reference series. The   value indicates the minimum detectable amplitude, related
to the variability of the series.
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The station AE024 - Darnius-2 that is used as an example in Fig[3.1], has breaks
shown inTable[3.1]whenhomogenisedautomaticallywithACMANT. Inboth cases, there
were the same available series, but the two procedures work differently with reference
series: HOMER (in the case of pairwise detection, shown in Fig[3.1]) uses all available
series at a distance and/or correlationmaximumchosen by the user and the comparison
is made one by one; ACMANT automatically makes a reference series as a composite of
available series with a weight depending on correlation.
Year Month Amplitude(ratio)
Break 1 1974 9 0.77
Break 2 1979 9 1.46
Break 3 2007 9 0.83
Table 3.1: detected breaks in AE024 - Darnius-2 by used version of ACMANT in the project.
3.2 Applied homogenisation procedure
Figure 3.2: screenshot of execution of ACMANT
on a selection of 56 series in southern part of the
study area.
In the present project, the 3rd version
of the ACMANT procedure was applied
to detect homogeneity breaks inmonthly
precipitation series. As explained by
Domonkos and Coll (2016), ACMANT3 is
a software package composed by six pro-
grams that incorporate 174 sub-routines
in total. Inparticular, the executableused
in thepresent project isACMANP3month
that allows an automatic detection and
correction at monthly resolution of pre-
cipitation data. In this case, the pro-
cedure was chosen to check the homo-
geneity of preselected series but the pro-
posed correction was not applied. The
chosen version of the procedure detects
and corrects inhomogeneities in precip-
itation series, at a monthly or daily res-
olution, using a logarithmic transforma-
tion (which treats low values differently, see Domonkos 2015 and Fig[3.4]) in order to
apply similar methods to the ones used in temperature series Domonkos (2015).
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Figure 3.3: map of the 164 pre-selected series that undergo the homogenisation process.
Each colour marks one of the zones and the crosses, the overlapping central zone.
The choice of the homogenisation procedure has beenmade because of the reported
good performance of ACMANT (Domonkos and Coll, 2016) and valuing its complete
automation and design specific for precipitation. Even if the used version of the pro-
gram allows the homogenisation of daily precipitation, the procedure has been applied
at monthly resolution, giving the fact that only detection was needed (not correction).
The procedure also includes the option of dividing the year in a period of rain and an-
other period of snow, but this possibility has been disregarded because few series in the
network, with respect to the total, collect snowduring theminimumnumber of required
months.
Metadata is not used automatically inACMANTand it could havebeenusedmanually
to check the breaks proposed by the homogenisation procedure. However, this check
has not been performed because even if metadata is available for the project series, they
might be incomplete, especially in former years.
The subset of pre-selected series for homogenisation consists in 164 series in the
time period 1881-2016 (because in previous years there is not a network of available
series). The pre-selected 164 series have, in the period 1942-2016, a minimum length
of 25 years with 99% of daily data and, at each of these years, they perform 80 or above
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in the absolute quality control and have a maximum of 1% of suspect not valid values
(label "N") in the automatic relative control. These criteria are used to pre-select the
series, nonetheless, all the available years in the period 1881-2016 of the pre-selected
series have been considered in the process of homogenisation. There were 227 series
that fulfilled the pre-selection requirements, however, the final dataset of series to un-
dergo the homogenisation process was trimmed manually from the group of series that
complied with the aforementioned criterion; the only objective was to avoid different
series with very similar locations to enter the next phase of the project and obtain a uni-
formly dense network while avoiding nearby points with different information. There-
fore, the 164 pre-selected series in the pre-homogenisation stage are a uniform network
of carefully selected long series with good quality. Indeed, Pearson’s correlation coeffi-
cient calculated by ACMANT frommonthly data indicates that each of the 164 series has
a minimum of 5 auxiliaries with r > 0.50 and a minimum of 3 auxiliaries with r > 0.70.
The two series from the pre-selected 164 that have the best correlation of their monthly
accumulated rainfall are -(BN007) - Observatori Fabra and (BN032) - Barcelona - SMN
(Travessera de Dalt)with r = 0.95.
ACMANT accomplishes an automatic creation of a reference series for each candi-
date by combining available series after checking Pearson’s correlation coefficient (us-
ing a minimum of 0.4) but the geographic distance is not taken into account. Given the
fact that the 3rd version of ACMANT allows a maximum of 99 series per execution of the
program, the selected series have been grouped before the application of the homogeni-
sation procedure.
Figure 3.4: transformation of pre-
cipitation data from PP (original
value of precipitation) to PT (trans-
formed data) following PT = log(PP)
if PP > 30 mmandPT = log(0.4PP+
0.01PP2 + 9) if PP < 30 mm (solid
line) compared to the pure log-
arithmic transformation. Source:
Domonkos (2015).
In particular, two different approaches to the
reduction in the number of series have been fol-
lowed. In the first approximation, the executable
ACMANP3month has been applied to groups of 50
series in which a selection of reference series has
been performed for a specific candidate and the re-
sults of the homogenisation are read only for that
candidate at each execution; hence, in this approach
there have been 164 executions of ACMANT after
careful selection of the series that were fed to the
automatic procedure. On a second approach, AC-
MANT has been applied to four groups which di-
vide the territory in three zones plus a central zone
which covers the borders of the other three (see
Fig[3.3]). Therefore, there have been a total of 168
executions of ACMANT homogenisation procedure
and the same number of results have been analysed;
Fig[3.2] shows a screenshot of one of the performed
executions of ACMANP3month.
In Table[3.2] the resulting number of breaks is summarised. The magnitude of the
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break is indicated in ACMANT as a the multiplicative factor that adjusts the monthly
accumulated precipitation in the pre-break period to the last period of the series. The
highest magnitude of a break found in the 164 series is 1.64 and it is the only break that
indicates a correction over 60% (either because the original series underestimates or
overestimates rainfall).
Total number
of breaks
Between
0.50
and
0.75
Between
0.75
and
1.00
Between
1.00
and
1.25
Between
1.25
and
1.50
Over
1.50
By groups of se-
lected series 249 13 125 124 29 3
Southern zone 49 (in 56series) 0 23 21 5 0
Northern zone 95 (in 43series) 9 42 26 14 4
Eastern zone 84 (in 65series) 5 39 30 10 0
Overlapping
Central zone
137 (in 97
series) 3 59 64 10 1
Table 3.2: number of detected breaks by ACMANT in the 164 pre-selected series for the period
1881-2016.
The cases with a proposed correction over 1.5 (i.e., ACMANT proposes to increase
rainfall in 50%) are five series in the 4 zones, considering any of the zones, namely:
BG011 (1.58), BG028 (1.53), VA012 (1.53), AD006 (1.57) and AG001 (1.6) and three se-
ries in the approachwith selected reference series, namely: VA012 (1.51), AD006 (1.58)
and AG001 (1.64). All these series are considered to need an excessive correction, there-
fore, they are disregarded from the selection because of their inhomogeneity.
In a further step to select thebest series for the subsequentproject, theMann-Kendall
rank test (Mann 1945, Kendall 1975) was applied to series of annual maximum precipi-
tation in 24h obtained from selected years of 380measuring sites (a broader set selected
from available data than the series which underwent the ACMANT homogenisation pro-
cedure, consisting in series with at least 20 years of data in the period 1942-2016). The
results show that 29 series had a statistically significant trend, hence they are not ap-
propiate for the subsequent study as they could influence the outcome dependending
on which years were considered; from these 29 series, only 11 series were in the 164
series pre-selection.
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3.3 Selection of homogeneous daily rainfall series
Considering the results of the quality control and the homogenisation checks a se-
lection of series has been performed. This selection has been adjusted to achieve a spa-
tially uniform selection (incorporating some series outside fromCatalonia’s borders and
rejecting series too close to other series, selecting the best or longest ones). The finally
selected series are shown in Fig[3.5] (in blue and green dots); the samemap displays the
rest of the series that fulfil the criteria of the pre-selection performed before homogeni-
sation but were disregarded in order to obtain a more uniform density in the territory
(black dots) and also the series that were rejected by the homogenisation procedure or
the Mann-Kendall rank test (yellow and red crosses respectively).
Series were pre-selected when they had a minimum of 25 years in the period 1942-
2016 that fulfil all of the following requirements:
• None of the months of the year were marked as suspect in the metadata.
• The year scores at least 80 in the global Quality Index.
• A maximum of 1% of days in the year have missing data.
• The individual quality indicesQzerom andQzerow score at least 50 (the score of the
other individual quality indices was not considered, in the case ofQgaps because it
does not make sense when the restriction of 99% completeness is already fulfilled
and in the case of Qoutliers because it was used to classify the available series ac-
cording to their quality and proceed to the automatic relative quality control, but
now, when the results of that quality control are taken into account, outliers are
already filtered).
• A maximum of 1% of days in the year are marked as "N" (not valid data) in the
automatic quality control that labels data according to a relative comparison with
auxiliary stations.
Finally, the selection of series to be used in subsequent chapters consists in 163 se-
ries that fulfil the pre-selection criterion, summarised above, in the period 1942-2016
and have also passed a homogenisation test or a tendency test in the following way:
• 150 of them are considered homogeneous because the inhomogeneities detected
by ACMANT have a magnitude under the chosen threshold and they also pass the
Mann-Kendall rank test, therefore, they do not have any detectable tendency in the
series of annual maximum precipitation in 1-day (green dots in Fig[3.5]).
• 13 of them pass the Mann-Kendall rank test, although the homogeneisation with
ACMANT has not been performed (blue dots in Fig[3.5]). All of them are outside
the borders of the study area (Catalonia) but they have interest for the spatial in-
terpolation.
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Figure 3.5: final selection of 163 series (green and blue dots) and rejected pre-selected series by
homogeneity checks (yellow crosses) or Mann-Kendall rank test (red crosses) as well as disre-
garded series that complywith the pre-selection criteria but are too close to other series that are
considered to be better (after checking their quality and completeness in the period 1942-2016).
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Figure 3.6: number of rainfall series available over the 1855-2016 period (grey bars), number
of excellent quality series as defined in the previous chapter (green line) and number of selected
series in the period 1942-2016 (black line).
Only the years of a selected series that fulfil each of the aforementioned require-
ments for thepre-selectionof serieswill be considered in subsequentparts of theproject,
the rest of the years, even if they are part of a selected series, are discarded because they
might contain suspect data. The 1942-2016 period has been chosen because it allows a
pre-selection of series with constant density and completion of data.
Fig[3.6] displays the availability of selected series at each considered year in com-
parison to the total number of series considered in the project and the number a filter
of excellent quality series. In recent years, even if there is an increase in the number of
available series aswell as in their quality, the number of selected series declines because
the good quality series are shorter than the minimum 25 years requirement.
Table[3.3] shows the characteristics of the 163 selected series, the code used for
identification, the name county and name of the station, the altitude and coordinates,
and characteristics of length, completeness and selected years.
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ID County Name Altitude (m)
X (UTM) 
ETRS89 / 
UTM zone 
31N
Y (UTM) 
ETRS89 / 
UTM zone 
31N
Initial data Last data
Series length 
(number of 
years)
Completness 
(%)
Number of 
selected 
years
First 
selected 
year
Last 
selected 
year
AC010 Alt Camp Valls - El Fornàs 232 354383 4572742 01·10·1990 31·12·2016 26.3 99.8 25 1992 2016
AE010 Alt Empordà Castelló d'Empúries - 2 17 505932 4678988 01·11·1951 31·12·1994 43.2 98.2 38 1952 1994
AE024 Alt Empordà Darnius - 2 193 486183 4690380 01·04·1969 31·12·2016 47.8 98.7 25 1970 2008
AE041 Alt Empordà Figueres - Escola La Salle 40 497272 4679572 01·06·1943 31·03·1984 40.8 100.0 40 1944 1983
AE052 Alt Empordà Cadaqués 30 523076 4682161 01·01·1911 30·11·2016 105.9 93.2 55 1942 2015
AP011 Alt Penedès Vilafranca del Penedès - Estació Enològica 227 391295 4577663 01·04·1914 31·12·2013 99.8 99.5 70 1942 2013
AP023 Alt Penedès Gelida 120 405213 4587360 01·01·1917 31·12·1995 79.0 84.7 40 1950 1995
AP024 Alt Penedès Pantà de Foix 104 387150 4568030 01·01·1911 31·12·2016 106.0 93.4 51 1942 2016
AP027 Alt Penedès Castellví de la Marca 190 384319 4575694 01·01·1949 30·11·2016 67.9 93.8 44 1950 2014
AU013 Alt Urgell Adrall 627 367796 4686950 01·07·1927 31·01·2002 74.6 87.3 50 1942 1995
AU022 Alt Urgell Organyà - 3 549 362302 4674780 01·03·1950 30·11·1999 49.8 100.0 29 1970 1998
AU024 Alt Urgell Oliana - Casa de la CHE 468 359629 4660265 01·05·1950 31·10·1999 49.5 99.0 44 1951 1997
AR001 Alta Ribagorça Central de Senet 1093 313991 4712747 01·10·1915 31·12·1997 82.3 73.2 35 1952 1996
AR002 Alta Ribagorça Central de Vilaller 925 311508 4702924 01·03·1928 30·09·1999 71.6 77.2 36 1942 1998
AR004 Alta Ribagorça Caldes de Boí - Central 1298 322386 4712379 01·01·1954 31·12·1998 45.0 97.5 35 1954 1996
AR008 Alta Ribagorça Boí 1096 320134 4708355 01·10·1923 31·12·1998 75.3 61.7 31 1949 1998
AR014 Alta Ribagorça el Pont de Suert - Central Elèctrica 830 313967 4696969 01·06·1945 31·12·1998 53.6 96.2 44 1946 1998
AD004 ANDORRA Ransol 1645 388277 4714714 01·10·1934 31·12·2015 81.3 100.0 74 1942 2015
AN004 Anoia El Bruc 273 398259 4603715 01·01·1948 31·12·2016 69.0 99.1 61 1948 2016
AN007 Anoia Calaf - 2 715 376541 4621109 01·08·1960 31·08·1993 33.1 89.2 25 1961 1992
AN027 Anoia Santa Maria de Miralles 640 375737 4597277 01·09·1930 31·05·1975 44.7 85.3 27 1942 1974
ES021 ARAGON ID: 9559 - FID: 4466 - SANTOLEA (EMBALSE) 644 219821 4518836 01·02·1923 31·07·1996 73.5 89.8 45 1943 1995
ES029 ARAGON ID: 9572 - FID: 4475 - ALCAÃ¤oÃ®IZ LA ESTANCA 344 232502 4550486 01·09·1932 31·08·2015 83.0 65.0 37 1943 2012
ES033 ARAGON ID: 9576 - FID: 4479 - LA ALMOLDA 474 232026 4605141 01·03·1965 31·07·2015 50.4 97.9 40 1966 2014
ES036 ARAGON ID: 9579 - FID: 4482 - MEQUINENZA 241 270662 4588122 01·08·1949 31·07·2015 66.0 97.5 35 1952 2014
ES048 ARAGON ID: 9783 - FID: 4592 - URDICETO  CENTRAL 1897 276081 4728627 01·11·1932 31·07·1990 57.7 64.8 32 1950 1985
ES057 ARAGON ID: 9794 - FID: 4601 - SALINAS DE BIELSA 799 271913 4718263 01·02·1928 30·11·1989 61.8 74.4 34 1952 1986
ES069 ARAGON ID: 9829 - FID: 4628 - MEDIANO (EMBALSE) 516 269342 4688764 01·01·1922 30·09·2008 86.7 81.7 44 1943 2007
ES073 ARAGON ID: 9833 - FID: 4632 - EL GRADO (EMBALSE) 415 271164 4670115 01·01·1928 30·04·1999 71.3 61.2 31 1961 1998
ES077 ARAGON ID: 9842 - FID: 4636 - VILLANOVA (PRESA) 930 292099 4712690 01·01·1946 31·07·1985 39.6 96.6 32 1946 1983
ES080 ARAGON ID: 9849 - FID: 4639 - GRAUS (VENTAS DE SANTA LUCIA) 498 281858 4678545 01·01·1928 30·09·1990 62.7 88.6 33 1942 1974
ES102 ARAGON ID: 9874 - FID: 4662 - BERBEGAL 460 250656 4649623 01·08·1951 31·08·2015 64.1 99.1 42 1952 2013
ES103 ARAGON ID: 9875 - FID: 4663 - EL TORMILLO-TERREU 417 251387 4637552 01·03·1949 31·07·2015 66.4 98.0 38 1953 2013
ES113 ARAGON ID: 9913 - FID: 4696 - SAN ESTEBAN DE LITERA 438 278715 4642549 01·04·1931 31·07·2015 84.3 76.0 38 1952 2010
ES115 ARAGON ID: 9915 - FID: 4698 - BINEFAR       GRANJA 289 275750 4637763 01·08·1935 31·12·1989 54.4 83.8 32 1942 1989
ES121 ARAGON ID: 9927 - FID: 4708 - BECEITE 567 262460 4523549 01·07·1933 31·07·2015 82.1 72.9 44 1946 2013
BA007 Bages Sallent - Cabrianes 258 409005 4628041 01·03·1916 31·12·2004 88.8 82.7 42 1942 2004
BA053 Bages Abadia de Montserrat 740 403253 4605397 01·10·1901 31·12·2016 115.3 69.4 47 1942 2016
BC011 Baix Camp Montbrió del Camp - C. de Barcelona 133 332587 4554125 01·07·1950 31·07·2009 59.1 98.2 41 1952 2006
BC013 Baix Camp Cambrils 18 336501 4548704 01·01·1916 31·05·1993 77.4 81.8 34 1943 1992
BC015 Baix Camp Alforja 365 330331 4563975 01·01·1982 31·12·2016 35.0 98.9 28 1982 2012
BC023 Baix Camp Aeroport de Reus 73 345491 4556454 01·02·1945 31·12·2016 71.9 99.5 68 1946 2016
BC026 Baix Camp Reus - Centre de Lectura 133 341333 4557610 01·03·1934 31·12·2016 82.8 84.5 57 1951 2016
BB003 Baix Ebre el Perelló - 3 142 307471 4526340 18·02·1960 31·12·2016 56.9 99.2 50 1961 2016
BB006 Baix Ebre l'Ametlla de Mar - 3 22 314541 4528011 01·10·1948 31·08·2007 58.9 98.2 40 1949 2004
BB017 Baix Ebre Observatori de l'Ebre 49 288608 4521819 01·01·1905 31·12·2016 112.0 99.4 74 1942 2016
BE004 Baix Empordà Monestir de Santa Maria de Solius 75 496877 4629205 01·02·1973 31·12·2016 43.9 100.0 42 1974 2016
BE016 Baix Empordà Palafrugell - 4 81 513318 4640267 01·10·1956 31·01·2012 55.3 98.4 39 1957 2010
BE019 Baix Empordà Calella de Palafrugell 15 516500 4636719 01·02·1947 31·03·1989 42.2 98.6 32 1949 1988
BE031 Baix Empordà La Bisbal d'Empordà - 5 50 503504 4646201 15·04·1988 31·12·2016 28.7 100.0 28 1989 2016
BE039 Baix Empordà Jafre - 1 90 499907 4657055 01·12·1928 30·11·1998 70.0 90.2 45 1942 1997
BE047 Baix Empordà Torroella de Montgrí - 3 23 510730 4654390 01·09·1977 31·12·2016 39.3 96.6 33 1978 2016
BE050 Baix Empordà l'Estartit - 2 2 516672 4655775 01·01·1976 31·12·2016 41.0 100.0 41 1976 2016
BL006 Baix Llobregat Gavà - Miranda 25 416259 4573096 01·03·1977 31·12·2016 39.8 88.1 31 1978 2016
BL009 Baix Llobregat Aeroport de Barcelona 6 422668 4572008 01·03·1924 31·12·2016 92.8 84.4 69 1944 2016
BL021 Baix Llobregat Esparreguera - Aigües d'Esparreguera 204 405663 4599382 01·02·1979 31·12·2016 37.9 98.5 32 1980 2016
BL045 Baix Llobregat Esplugues de Llobregat - Finestrelles 145 423446 4581839 01·03·1979 31·12·2016 37.8 98.4 26 1980 2016
BL047 Baix Llobregat Cornellà de Llobregat 13 421553 4578589 01·01·1917 31·12·2002 86.0 70.9 34 1942 1998
BN007 Barcelonès Observatori Fabra 410 426770 4585408 01·07·1913 31·12·2016 103.5 100.0 75 1942 2016
BN022 Barcelonès Barcelona - Can Bruixa 61 427507 4581733 01·06·1987 31·12·2016 29.6 100.0 29 1988 2016
BN032 Barcelonès Barcelona - SMN (Travessera de Dalt) 94 429434 4584581 01·08·1936 31·07·1970 34.0 100.0 28 1942 1969
BN060 Barcelonès Badalona - Museu Municipal 38 436912 4589080 01·06·1966 09·01·2003 36.6 96.1 32 1967 2002
BG011 Berguedà Central Tèrmica de Cercs 672 405648 4669470 01·04·1936 31·05·2002 66.2 78.9 29 1943 1998
BG017 Berguedà Berga - Cal Corneta 760 404424 4661711 01·01·1956 30·11·1988 32.9 100.0 32 1956 1987
BG028 Berguedà Puig-reig - 2 434 407172 4645817 01·06·1972 31·12·2016 44.6 96.2 29 1973 2012
CE002 Cerdanya Llívia - 2 1220 416297 4701912 01·12·1948 31·12·1977 29.1 99.3 27 1950 1977
CE010 Cerdanya la Molina 1704 412370 4687275 01·04·1927 19·09·2002 75.5 66.4 38 1957 1997
CB003 Conca de Barberà Vimbodí - Riudabella 595 335962 4582033 01·01·1912 30·06·2000 88.5 68.0 28 1957 1999
CB011 Conca de Barberà Montblanc - 4 353 346353 4582058 01·10·1949 31·12·2016 67.3 96.9 55 1950 2016
CB015 Conca de Barberà Rocafort de Queralt - 2 560 356457 4593220 01·09·1941 31·12·2016 75.3 96.0 61 1942 2014
CB017 Conca de Barberà Sarral - 2 473 353598 4589634 01·01·1951 31·12·2016 66.0 89.6 46 1952 2016
CB022 Conca de Barberà Santa Coloma de Queralt - 4 687 364881 4598753 01·05·1982 28·11·2010 28.6 99.6 25 1983 2007
AG003 FRANCE Cierp - Gaud 500 307089 4753715 01·03·1952 31·03·2013 61.1 100.0 60 1953 2012
GF001 Garraf Cubelles - les Salines 6 386684 4561776 01·07·1953 31·05·2015 61.9 96.0 48 1954 2014
GA002 Garrigues els Omellons - Cal Teresa 377 329756 4596456 20·02·1944 31·07·1991 47.4 99.9 44 1945 1990
GA004 Garrigues Arbeca - 1 309 327211 4600767 01·11·1968 31·12·2016 48.2 98.8 40 1969 2016
GA011 Garrigues Juneda - 2 262 318679 4601733 01·11·1959 31·12·2016 57.2 95.8 52 1960 2016
GA013 Garrigues Castelldans 352 313495 4596560 01·03·1984 31·12·2016 32.8 99.9 32 1985 2016
GA017 Garrigues la Pobla de Cérvoles - 2 672 325504 4581506 01·11·1988 31·12·2016 28.2 100.0 27 1989 2016
GA027 Garrigues La Granadella 526 304676 4580803 01·04·1954 31·08·1990 36.4 99.1 31 1955 1989
GX009 Garrotxa la Vall d'en Bas - Mas Can Gronxa 478 453974 4664702 01·07·1979 31·12·2016 37.5 99.1 26 1981 2016
GX021 Garrotxa Castellfollit de la Roca 286 462603 4674424 01·07·1916 31·12·2016 100.5 59.4 40 1955 2016
GX030 Garrotxa Maià de Montcal - Can Garriga 159 478148 4671814 01·07·1985 31·12·2016 31.5 99.7 29 1986 2016
GI012 Gironès Llambilles 143 488849 4640410 01·10·1945 30·06·1980 34.7 93.0 28 1946 1979
GI017 Gironès Girona - Col·legi Bell-lloc 90 484094 4646587 01·01·1970 31·10·2005 35.8 97.7 25 1974 2004
MA005 Maresme Alella - Camí de Teià 109 441479 4594377 01·02·1917 31·12·1994 77.9 99.3 49 1943 1994
MA009 Maresme el Masnou - Sindicat de Pagesos 10 443857 4592637 01·03·1952 31·12·1994 42.8 98.1 33 1955 1994
MA015 Maresme Teià - Can Barrera 140 444632 4594353 01·01·1911 31·12·2004 94.0 93.8 38 1942 2004
MA026 Maresme Argentona - 2 85 449938 4600482 01·06·1945 31·01·1994 48.7 98.5 32 1946 1993
MA042 Maresme Arenys de Munt - Collsacreu 390 460686 4608803 01·07·1977 31·07·2006 29.1 99.9 28 1978 2005
MA048 Maresme Arenys de Mar - el Xifré 37 462197 4603598 01·12·1985 31·12·2016 31.1 99.9 30 1986 2016
MA059 Maresme Tordera - 3 30 476330 4616384 01·11·1953 31·10·2004 51.0 99.5 46 1954 2002
MI006 Moianès Moià - EEPP 740 424859 4629439 01·01·1911 08·02·2016 105.1 87.8 57 1942 2015
MO014 Montsià Godall - 5 170 285989 4503709 01·10·1969 31·12·2016 47.3 97.9 27 1971 2016
MO016 Montsià Santa Bàrbara 79 288424 4510011 01·03·1945 31·01·1996 50.9 99.0 42 1947 1994
MO018 Montsià Amposta - 2 8 295124 4508163 01·01·1944 31·05·1983 39.4 97.7 32 1944 1982
NO002 Noguera Artesa de Segre 317 337848 4640027 01·11·1968 31·12·2016 48.2 98.5 39 1969 2016
NO011 Noguera Presa de Sant Llorenç de Montgai 240 320300 4635739 01·01·1927 31·03·1996 69.2 77.2 36 1942 1993
NO024 Noguera Penelles - Granja de Sant Vicenç Ferrer 242 327637 4621997 01·05·1930 31·12·1974 44.7 88.8 32 1942 1974
OS005 Osona Prats de Lluçanès - C. de l'Hospital 701 419397 4651026 31·05·1933 28·02·2009 75.8 92.9 58 1942 2007
OS009 Osona Malla - Torrellebreta 573 438364 4633823 01·04·1929 31·12·2016 87.8 98.1 66 1942 2016
OS016 Osona la Farga de Bebié 608 434406 4664455 01·01·1917 31·03·1986 69.2 89.8 40 1942 1985
OS017 Osona Santa Maria de Besora 861 438630 4664055 01·09·1964 31·12·2016 52.3 97.9 27 1969 2016
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ID County Name Altitude (m)
X (UTM) 
ETRS89 / 
UTM zone 
31N
Y (UTM) 
ETRS89 / 
UTM zone 
31N
Initial data Last data
Series length 
(number of 
years)
Completness 
(%)
Number of 
selected 
years
First 
selected 
year
Last 
selected 
year
OS023 Osona Borgonyà - Colònia Fabra i Coats 524 437113 4657362 01·02·1912 31·12·2016 104.9 92.6 68 1943 2016
OS026 Osona Torelló 350 438341 4655073 01·01·1947 31·12·2016 70.0 98.5 35 1949 2015
OS041 Osona Taradell - Avda. de Catalunya 632 440861 4635605 01·01·1976 31·12·2007 32.0 99.7 31 1976 2007
OS055 Osona Gurb - la Cabra 466 439029 4645148 01·06·1961 31·12·2016 55.6 97.0 44 1964 2015
OS060 Osona Vilanova de Sau - el Tortadès 832 453358 4638720 01·09·1956 31·12·2016 60.3 96.4 31 1957 2013
PJ003 Pallars Jussà Estany Gento 2142 335876 4708096 01·08·1925 31·12·1985 60.4 98.8 42 1942 1985
PJ006 Pallars Jussà Molinos 981 333294 4696777 01·02·1928 31·12·1995 67.9 96.3 46 1942 1995
PJ015 Pallars Jussà la Pobla de Segur - Central Hidráulica 525 332759 4679579 01·01·1927 28·02·1994 67.2 77.4 37 1942 1993
PJ017 Pallars Jussà Talarn - Central de Nerets 430 327167 4671155 01·09·1915 29·02·1996 80.5 97.2 49 1942 1994
PJ024 Pallars Jussà Abella de la Conca 956 342954 4669908 01·11·1928 31·05·1971 42.6 88.6 25 1942 1969
PJ026 Pallars Jussà Gavet de la Conca - Central de Reculada 382 326312 4663610 01·07·1937 31·03·1994 56.8 96.5 50 1942 1993
PJ029 Pallars Jussà Central Hidroelèctrica de Terradets 360 325758 4657087 01·09·1936 31·05·1996 59.7 76.0 37 1942 1993
PS006 Pallars Sobirà Esterri d'Àneu - Central Hidroelèc. i Bombers 952 346296 4721003 01·05·1955 30·06·2005 50.2 85.9 42 1956 2004
PS009 Pallars Sobirà Estany de Sant Maurici 1906 336496 4716178 01·07·1953 31·12·2016 63.5 65.1 26 1954 2011
PS014 Pallars Sobirà Tavascan - Central Elèctrica 1126 357323 4722967 01·12·1920 31·12·1994 74.1 79.9 32 1942 1993
PS018 Pallars Sobirà Llavorsí 802 353107 4706430 01·12·1915 31·05·1999 83.5 64.0 38 1960 1998
PS025 Pallars Sobirà Escós 790 340378 4692866 01·12·1920 29·02·1988 67.2 98.0 46 1942 1987
PE008 Pla de l'Estany Fontcoberta - Melianta 224 481048 4666347 01·01·1984 31·12·2016 33.0 91.2 27 1984 2016
PU007 Pla d'Urgell Mollerussa - IES Agrària l'Urgell 253 322273 4609458 01·04·1961 31·12·2016 55.8 98.4 45 1962 2016
PR011 Priorat Cabacés 362 310237 4568904 01·08·1951 31·12·2016 65.4 99.5 60 1952 2016
RE001 Ribera d'Ebre Riba-roja d'Ebre - 1 62 289245 4569650 01·12·1931 31·07·1980 48.7 90.5 31 1942 1979
RE005 Ribera d'Ebre Flix - la Central 42 294495 4567016 01·06·1956 30·04·1999 42.9 90.5 35 1960 1998
RE006 Ribera d'Ebre la Palma d'Ebre 340 304623 4572854 01·04·1952 29·02·1988 35.9 99.2 31 1954 1986
RE023 Ribera d'Ebre Benissanet 30 301215 4547698 01·09·1911 30·11·2013 102.3 90.3 48 1942 2008
RE029 Ribera d'Ebre Rasquera - 2 179 297937 4541725 01·04·1959 31·12·2016 57.8 91.8 42 1960 2016
RE031 Ribera d'Ebre Miravet - 1 40 298143 4546014 01·07·1949 31·12·2016 67.5 98.6 47 1950 2016
RI006 Ripollès Vilallonga de Ter 1056 443608 4686892 01·12·1928 31·01·1979 50.2 84.2 28 1942 1977
RI023 Ripollès Ribes de Freser 940 431570 4684625 01·03·1916 31·05·1988 72.3 77.5 26 1942 1987
RI025 Ripollès Campdevànol - 2 734 431279 4674834 01·06·1945 31·12·2016 71.6 99.9 70 1946 2016
SG001 Segarra Torà 434 367305 4630258 01·02·1930 28·02·2003 73.1 91.2 55 1942 1999
SG006 Segarra Torrefeta - Granges Nial 478 356775 4626280 01·06·1981 31·12·2016 35.6 90.5 26 1982 2016
SE007 Segrià Vilanova de Segrià 222 302854 4620647 01·06·1983 31·12·2016 33.6 97.2 29 1984 2016
SE020 Segrià Lleida - Observatori 2 192 299600 4611106 01·03·1983 31·12·2016 33.8 100.0 33 1984 2016
SE031 Segrià Maials - Mas de Marquet 326 290419 4583961 01·07·1979 31·12·2016 37.5 98.7 33 1981 2015
SE039 Segrià Pantà d'Utxesa 170 292487 4595611 01·01·1927 31·03·1988 61.2 81.8 33 1942 1983
SE044 Segrià Raimat - Caseta del Canal 320 291296 4618046 01·02·1938 31·12·2016 78.9 85.1 40 1942 2015
SV002 Selva Breda - C. Joan XXIII 176 463530 4622461 01·01·1977 31·07·2009 32.6 99.9 31 1977 2008
SV018 Selva Santa Coloma de Farners - Can Font de Glòria 149 472161 4634641 01·02·1978 31·12·2016 38.9 93.1 28 1979 2016
SV035 Selva Amer 189 467155 4651035 01·01·1962 31·12·2016 55.0 86.1 40 1962 2016
SV048 Selva Aeroport de Girona - Costa Brava 127 480022 4638732 01·01·1973 31·12·2016 44.0 99.0 42 1973 2016
SO005 Solsonès Riner - Xixons 611 384044 4644945 01·07·1961 31·12·2016 55.5 98.9 50 1962 2016
SO011 Solsonès Navès - Tentellatge 845 389554 4655091 01·04·1936 31·05·2001 65.2 92.0 50 1942 1996
TG001 Tarragonès Vila-seca 36 344301 4552210 01·01·1929 31·12·2016 88.0 98.1 47 1942 2016
TA011 Terra Alta Vilalba dels Arcs 456 282449 4555323 01·12·1949 31·12·2016 67.1 99.1 62 1950 2016
TA013 Terra Alta la Fatarella - 2 486 288766 4560189 01·01·1965 31·12·2003 39.0 97.0 32 1965 2002
UG004 Urgell Agramunt - Plaça de l'Amball 342 341843 4627918 14·10·1966 31·12·2015 49.2 99.8 48 1967 2015
UG013 Urgell Tàrrega - Estació Meteorològica Municipal 375 344942 4612344 01·07·1936 31·12·1981 45.5 91.0 35 1942 1981
UG017 Urgell Anglesola 313 338980 4614881 01·05·1971 31·01·2001 29.8 95.8 26 1972 1999
UG019 Urgell Rocallaura 637 345288 4596651 01·12·1947 31·12·2016 69.1 97.7 62 1948 2016
UG020 Urgell Ciutadilla 514 345106 4602513 01·06·1983 31·12·2016 33.6 98.7 29 1984 2016
VA010 Val d'Aran Vielha - Central Hidroelèctrica 951 319631 4730870 01·03·1945 31·08·1993 48.5 98.6 44 1946 1992
VC010 Vallès Occidental Terrassa - Placeta de la Creu 311 418244 4602501 01·01·1965 31·12·1995 31.0 100.0 30 1965 1995
VC017 Vallès Occidental Rubí - Escola Montserrat 135 419282 4593462 01·04·1963 31·12·2005 42.8 97.0 35 1965 2005
VC022 Vallès Occidental Sabadell - Can Marcet 180 424979 4599185 01·01·1937 30·11·1979 42.9 98.7 30 1944 1978
VR030 Vallès Oriental Cardedeu - Creu de la Serreta 193 446649 4609404 01·11·1950 31·12·2016 66.2 99.2 61 1951 2016
VR040 Vallès Oriental Santa Eulàlia de Ronçana 210 436062 4611078 01·06·1943 30·11·1981 38.5 97.4 29 1944 1978
VR051 Vallès Oriental Martorelles - Avda. de Piera 98 436337 4597634 01·01·1963 31·12·2000 38.0 99.3 31 1965 2000
VR057 Vallès Oriental Caldes de Montbui - Torre Marimon 175 430713 4607107 01·11·1932 22·11·2011 79.1 92.7 44 1942 2008
VR063 Vallès Oriental Turó de l'Home 1699 453055 4625105 20·11·1932 31·08·2004 71.8 92.5 50 1942 2000
VR078 Vallès Oriental Santa Maria de Palautordera - C. de l'Hospital 210 453777 4615951 01·03·1977 31·12·2016 39.8 99.8 37 1978 2016
Table 3.3: main characteristics of the 163 selected series.
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Chapter 4
SERIES OF MAXIMUM RAINFALL
In maximum rainfall studies, as in the obtainment of Intensity-Duration-Frequency
relationships, it is common to use systematically recorded data of accumulated pre-
cipitation. In the present project, series of annual maximum rainfall in 24 hours are
used to obtain expected subdaily precipitation. However, most historical data have been
recorded by collecting daily rainfall with a fixed starting time (e.g., local 8:00 a. m.) and it
is known that this fact conditions themeasure of the truemaxima values in unrestricted
intervals of 24 hours (Dwyer and Reed 1995, see in Fig[4.1] how easily can a true maxi-
mum in anarbitrary interval differ from themaximum inan interval of the sameduration
that has a restricted starting time). In order to correct the maximum precipitation ob-
tained from measures taken at fixed times as if they had been obtained from a sliding
window of the considered duration, it is recommended to carry out a correction which
is usually applied through a multiplicative factor.
In the present chapter an empirical correction factor has been obtained to be used
as amultiplicative correction of annualmaxima of one day. The empirical correction fac-
tor is calculated as a ratio of mobile interval over fixed interval maxima for durations of
one or more days. Hereafter, maximum rainfall in an interval of one day with arbitrarily
fixed starting time might be referred to asmaximum in one day, whereas true maximum
rainfall, maximum rainfall in a sliding interval or corrected maximum rainfall (hence,
estimated true maximum) in an interval of the same duration might be referred to as
maximum in 24 hours. Rainfalls in sliding intervals have been obtained from available
hourly records in Catalonia. Moreover, a comparisonwith existing correction factors and
a study of the possible dependence of the ratio between sliding maxima and fixed inter-
val maxima on the characteristic rainfall pattern of the study area have been performed.
In particular, several factors, explored in subsequent sections, whichmight influence the
value of this ratio are the following:
• Starting time of the fixed interval. Some maxima can be caused by events centred
on a time of the day that is conditioned by the effect of the diurnal cycle, in case
rainfall arises from land heating. In the region of study, the diurnal cycle affects
especially in the case of summer storms that appear mainly in the afternoon. If
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(a) true and fixed maxima as part of the same event.
(b) true and fixed maxima arising from different events.
Figure 4.1: source: Dwyer and Reed (1995)
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rainfall episodes occur with this kind of influence, the correction needed would
depend on the time at which daily measures were taken.
• Season. The climatological definition of season has been followed, with winter
comprising the months of December of the previous year, January and February;
spring comprising the months from March to May; summer from June to August
and Autumn from September to November.
• Geographical location. The spatial distribution of empirical correction factors has
been analysed.
• Actual duration of rainfall events.
4.1 Correction from daily to 24 hours maxima
One of the first studies facing the matter of estimating true maximum rainfall from
restricted time measures was performed by Hershfield (1961) who, using data of the
United States, proposed an empirical multiplicative factor of 1.13 to correct fixed max-
ima obtained from daily measures as if a sliding 1440-min window had been used, as
well as for correctingfixedhourlymeasures as if a sliding60-minwindowhadbeenused.
The fact that Hershfield was one of the first authors to propose a multiplicative correc-
tion factor is the reason that this factor is widely known as Hershfield factor regard-
less of the exact methodology used to obtain it. Indeed, the Hershfield factor was also
derived by Weiss (1964) following a theoretical formulation; Weiss (1964) proposed a
model based on simple assumptions which yielded different correction values depend-
ing on the sampling discretisation. Later studies were, among others, those performed
byHuff andAngel (1992), who applied an empirical factor to develop a rainfall frequency
atlas for the Midwest of the United States; Dwyer and Reed (1995), who studied rain-
fall records from the UK and Australia at a sampling resolution of 1 hour to determine
empirical correction factors proposing a range from 1.15 to 1.17; van Montfort (1997),
who used monthly maxima of daily rainfall from a Chinese dataset and found a depen-
dence with location, autocorrelation and the fraction of wet days; Asquith (1998), who
determined an empirical value of 1.13 for the state of Texas; and Young and McEnroe
(2003), who used high-temporal resolution automatic rain gauges to derive the empiri-
cal correction factor for Kansas city. Morbidelli et al. (2017) studied the error involved
in the estimation of true maxima in several stations of central Italy and Barcelona and
proposed a correction factor derived from empirical ratios. An extensive overview of
the matter was recently presented by Papalexiou et al. (2016) in their large analysis of
the behaviour of the correction factor at different time scales using hourly records from
7127 automatic gauges across the United States, shedding light to the probabilistic char-
acteristics of fixed and sliding maxima.
In the present work, empirical correction factors have been derived using available
hourly data. The methodology, explained in the next section, leads to a slightly different
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factor than the one described by the classical definition where the correction factor is
defined as the ratio of the estimator of the sliding intervalmaximumand estimator of the
fixed interval maximum (which is different form the averaged ratios of sliding and fixed
interval maxima). Moreover, in the present study, sliding maxima has been calculated
only for the same episode as fixed time maxima. These discrepancies with the classical
definition of the Hershfield factor are due to issues that followed in the implementation
of the calculation. Specifically, due to the use of daily data restricted to one month inter-
val (with the aim of obtaining the empirical factor at different months and seasons) and
the fact that the sliding maximum cannot be calculated by hourly data forbidden to the
fixed maximum (i. e., data from the previous or following month). The empirical factor
presented in this chapter has been obtained by the implementation of the methodology
described in the next section, with the mentioned deficiencies. However, some tests of
different implementations performed with less data indicated that the results would be
extremely similar, always inside of the uncertainty margins shown in the presented re-
sults. The ultimately presented results are chosen because of the consistency of the used
methodology.
Table[4.1] shows the obtained empirical results for one day correction of maximum
rainfall starting the fixed interval at a selection of different times; Table[4.2] shows the
empirical correction factor for different durations, with 8 a. m. the starting time of the
fixed interval. Annual and seasonal values are the average of the correspondingmonthly
results. The presented correction factors are obtained as the average of the individual
ratios calculated at a selection of considered locations in Catalonia and the uncertainty
is obtained from the dispersion of the results at the different locations calculated as the
sample standard deviation over the square root of the number of locations.
1 day Annual Spring Summer Autumn Winter
0 a. m. 1.116±0.002
1.120±
0.002
1.075±
0.003
1.119±
0.003
1.151±
0.003
8 a. m. 1.129±0.002
1.161±
0.003
1.093±
0.003
1.125±
0.003
1.139±
0.003
12 a. m. 1.127±0.002
1.151±
0.003
1.091±
0.003
1.135±
0.003
1.129±
0.003
4 p. m. 1.137±0.002
1.152±
0.003
1.104±
0.004
1.145±
0.003
1.148±
0.003
Table 4.1: empirical correction factors obtained in the present study obtained to correct one
day maximum rainfall for different starting times of the fixed interval and for different seasons.
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8 a. m. Annual Spring Summer Autumn Winter
1 day 1.129±0.002
1.161±
0.003
1.093±
0.003
1.125±
0.003
1.139±
0.003
2 days 1.038±0.001
1.046±
0.002
1.024±
0.002
1.048±
0.002
1.034±
0.002
3 days 1.030±0.001
1.031±
0.001
1.025±
0.002
1.035±
0.001
1.028±
0.002
4 days 1.020±0.001
1.026±
0.001
1.020±
0.002
1.019±
0.001
1.016±
0.001
5 days 1.018±0.001
1.024±
0.001
1.017±
0.001
1.017±
0.001
1.014±
0.001
6 days 1.016±0.001
1.019±
0.001
1.014±
0.001
1.019±
0.001
1.012±
0.001
7 days 1.014±0.001
1.012±
0.001
1.013±
0.001
1.016±
0.001
1.015±
0.001
8 days 1.012±0.001
1.013±
0.001
1.012±
0.001
1.012±
0.001
1.010±
0.001
9 days 1.012±0.001
1.015±
0.001
1.011±
0.001
1.012±
0.001
1.009±
0.001
10 days 1.011±0.001
1.011±
0.001
1.011±
0.001
1.011±
0.001
1.009±
0.001
11 days 1.012±0.001
1.016±
0.001
1.011±
0.001
1.013±
0.001
1.007±
0.001
12 days 1.011±0.001
1.012±
0.001
1.008±
0.001
1.013±
0.001
1.010±
0.001
13 days 1.008±0.001
1.012±
0.001
1.008±
0.001
1.007±
0.001
1.006±
0.001
14 days 1.009±0.001
1.009±
0.001
1.008±
0.001
1.008±
0.001
1.011±
0.001
15 days 1.007±0.001
1.010±
0.001
1.006±
0.001
1.007±
0.001
1.007±
0.001
Table 4.2: empirical correction factors for fixed intervals starting at 8 a. m.; the annual and sea-
sonal values have been averaged from monthly results. The empirical factor has been obtained
for durations of several days using hourly data in all cases.
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Figure 4.2: selected 120 automaticweather stations. Hourly data at these locations in the period
1988-2016 has been used to obtain the empirical correction factor.
4.2 Study of the empirical correction factor
A selection of 120 series has been drawn from the available dataset. The selected
series are from the XEMAnetwork, hence, they are automaticweather stations thatmea-
sure data at subdaily resolution (data are used at hourly resolution). The set of 120 has
been chosen because all the stations have been operational for at least 15 years. The 120
selected AWS have a global quality index over 80 (actually, over 84.5), although some in-
dividual years have a lower quality index (but they are less than a 5% of the total years
of data that have been used). The temporal period is 1988-2016. Fig[4.2] shows the
location of the 120 AWS used in the study of the correction factor.
Empirical correction factors have been obtained from the ratio of rainfall amounts
measured at unrestricted against fixed intervals in the following way:
• The monthly maximum rainfall in one day has been calculated using a 24-hour
fixed time interval. Themonthlymaximum in one day has been found at each AWS
for every month with rainfall data.
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• The maximum rainfall for unrestricted intervals of 24 hours has been found using
a sliding window of 1 hour on every episode detected in the previous step, with
the condition of having at least one hour inside the considered fixed time interval.
• The maximum value obtained using the sliding window has been divided by the
value for the fixed time interval, thus, yielding a ratio for each AWS at each month
in which there is available data.
• The average of the ratio found for every month with data at each AWS yields the
annual global value for the AWS. The seasonal correction factor is found as the
average of the months that correspond to the season considering all the available
years of the AWS.
This process has been repeated for different fixed starting times as well as for dura-
tions other than 24 hours. Specifically, four different starting times along the day have
been considered in order to explore the influence of the diurnal cycle on the empirical
ratio: 0 a.m., 8 a.m., 12 a.m. and 4 p.m. where time is indicated in Coordinated Universal
Time (as registered by the AWS); official local time is 1 hour ahead of UT in standard
time (roughly November to March) and 2 hours ahead in daylight saving time (roughly
April to October).
It is known (Weiss, 1964) that an increase of the number of fixed time intervals in
which each duration has been discretised leads to a decrease in the correction factor.
To investigate this dependence, the ratio between amounts measured using fixed and
sliding intervals has been calculated also for duration higher than 1 day, from 2 days up
to 15 days.
The global averaged value obtained at each AWS has been interpolated using the
simple kriging methodology in order to display a spatial distribution of the correction
factor over Catalonia and compare it with the mean annual and seasonal rainfall maps.
The actual duration of the episodes with maximum daily rainfall registered at every
AWS has been measured with the aim of exploring dependence of the ratio on meteoro-
logical time scales, and thus, on physics behind rainfall generation.
4.2.1 Comparison with previous factors
Empirical factors obtained by the previously describedmethodology agree with fac-
tors previously obtained by several authors. The value of the global averaged correction
factor for a duration of 24 hours for the whole studied territory, calculated as the mean
correction factor yielded at the each one of the 120 considered AWS, resulted 1.129 in
this study. The obtained averaged correction factor is in quite agreement with the Her-
shfield factor (Hershfield, 1961) and other studies listed in Table[4.3] (Huff and Angel
1992, Young and McEnroe 2003)
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Duration
(in days)
Hershfield
(1961)
Weiss
(1964)
Huff
Angel
(1992)
Young
McEnroe
(2003)
Present
project
(2018)
1 1.13 1.143 1.13 1.13 1.129
2 1.067 1.05 1.05 1.038
3 1.044 1.02 1.03 1.030
4 1.032 1.020
5 1.026 1.01 1.018
6 1.022 1.01 1.016
10 1.013 1.01 1.011
12 1.011 1.00 1.011
Table 4.3: comparison between factors obtained by several authors.
Weiss’s factor Weiss (1964) for 1-day duration had a slightly higher factor (1.143).
Thedifferencebetween the empirical factors and theoneproposedbyWeissmight be ex-
plainedby the fact thatWeiss derived the factor theoretically, assumingauniformrainfall
intensity which is an unrealistic rainfall behaviour. Comments on the significant over-
estimation of the correction factor obtained from the calculation carried out by Weiss
can be found at Dwyer and Reed (1995) and Young and McEnroe (2003), and it is also
pointed out by Asquith (1998) that Weiss’s assumption that the probability of a rainfall
event occurring is independent of the time of the day cannot be applied to any location.
Table[4.3] also shows the correction factor calculated by several authors for dura-
tions over 1 day. As commented before, durations of 2 days and more were considered
to explore how the correction factor decreases along with the increase of the number
of fixed time intervals N in which each duration has been discretised. This calculation,
in the present study, has been done by considering accumulated rainfall over severalN
days measured using a 1-day fixed time interval and then comparing measures using a
sliding 1-day interval. Weiss (1964) formulated the dependence of the correction factor
F with the number of intervalsN as Eq[4.1], whereas Young and McEnroe (2003) fitted
their experimental results to Eq[4.2]. Papalexiou et al. (2016), among other statistics,
compared themean and standard deviation of the annual maxima sample measured us-
ing fixed intervals and sample using sliding intervals, obtaining an empirical function for
the mean which formulated in terms of the ratio F would be Eq[4.3].
F = N/(N   0.125) (4.1)
F = 1 + 0.13N 1.5 (4.2)
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Figure 4.3: graphical comparison between the empirical correction factor obtained in the
present study and the correction factor obtained by several other authors, namely, Weiss (1964),
Young and McEnroe (2003) and Papalexiou et al. (2016).
F = 1 + 0.135e (
N 1
1.078 )
0.408
(4.3)
Regarding the results obtained for those durations, the empirical correction factor
obtained is lower than the theoretical factor proposed by Weiss (1964) for durations
shorter than 10 days, but the agreement improves for accumulations longer than 10
days. This result is caused by the fact that the more fixed intervals are accumulated the
less important are the problems caused by Weiss’s unrealistic assumptions.
The type of empirical equation proposed by Young and McEnroe (2003) has been
used to fit the values of the correction factor obtained in the present study, for durations
between 1 and 15 days, forcing the function to 1.129 for the results of one day period
and resulting in an exponent of 1.2, see Eq[4.4].
F = 1 + 0.129N 1.2 (4.4)
Fig[4.3] shows the comparisonbetween the empirical factors obtained in thepresent
study and curves given by Eq[4.1], Eq[4.2], Eq[4.3] and Eq[4.4].
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4.2.2 Dependence on the fixed starting time
Traditionally, rainfall is most commonly measured daily at a fixed time in the morn-
ing. Nonetheless, as a part of the present study, the difference in the empirical correction
factor depending on the sampling timehas been analysed. Specifically, the fixed intervals
that start in the following time of the day have been considered: 0 a.m., 8 a.m., 12 a.m.
and 4 p.m., all of them at Universal Time (which is between one and two hours before
local time, depending on daylight saving time).
In order to graphically compare the correction factors resulting from this calculation
at each one of the 120 AWS considered, andmoreover, to showwhich fixed starting time
causes a worst measure compared to the sliding maxima, the empirical correction fac-
tors have been plotted against the fraction of daily rainfall collected in the hour centred
at the time at which the fixed starting interval is starting. The fraction of daily rainfall
has been calculated for every AWS as the total amount collected in 1 hour at the start-
ing time of the fixed interval at each day with available data and averaged over the total
amount of daily rainfall collected by the AWS. The vertical line at 0.0417 represents the
fraction of daily rainfall that would be collected during 1 hour if the rain were uniform
over time (i.e., 1/24). The horizontal line at 1.129 indicates the global averaged empir-
ical correction factor for measures at 8 a.m. obtained in this work. Low values of the
fraction of daily rainfall indicate that it is rare at that particular AWS to be raining at the
time of the fixed interval measure or that collected amounts are low. On the contrary,
high values of the fraction of daily rainfall indicate that at that particular time it is fre-
quently raining with a chance of collecting large amounts, hence, it may be not the most
appropiate starting time for accumulated rainfall measurements, because rain episodes
would be frequently divided into two parts.
In Fig[4.4] the empirical factors obtained for each one of the 120 AWS have been
represented against the fraction of daily rainfall registered in each station at the con-
sidered starting time. Comparing the four representations, it can be seen that almost
at every location considered it rains less in the morning than what would be collected
by a constant rain, whereas in the afternoon, at 4 p.m., most locations present a higher
fraction of daily rainfall around the measuring time. In the same way, empirical correc-
tion factors indicate a need for a higher correction in the case of measures taken in the
afternoon in favour of those taken in the morning. Even more, Fig[4.4] shows that daily
measures would, in general, result slightly better (lower correction factors and lower
fraction of daily rainfall) if they were taken at 0 a.m. instead of 8 a.m., which is the most
common measuring time of daily rainfall in the study area. Nonetheless, 8 a.m., seems
to be a good starting time for the fixed interval. Correction factors for daily measures
taken at fixed time intervals starting at 8 a.m. yielded a mean value of 1.129, lower than
the mean value of 1.137 corresponding to factors obtained for measures taken at fixed
time intervals starting at 4 p.m., proving that rainfall events would be more often split if
measures were taken in the afternoon. Most locations in mountainous areas of Catalo-
nia present a very high fraction of daily rainfall in the afternoon. As an example, Fig[4.5]
compares this fraction for every hour of the day for two different locations: Núria, which
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Figure4.4: empirical correction factors for fixed intervals of 24hours, starting at different times,
represented against the fraction of daily rainfall at the given starting time of the interval. Red
squares are the centre of gravity of each sample.
is located in the Pyrenees at 1971 m a.s.l. and present very high values of the fraction of
daily rainfall after midday, linked to solar heating of mountain slopes (Palau and Rovira,
2015), and low for the rest, and the city of Barcelona in the coast, showing a fraction
almost uniform in comparison, around the value 1/24.
4.2.3 Seasonality and spatial distribution
Due to several geographical and aerological drivers, rainfall in Catalonia is highly
contrasted from one area to another, with some mountainous areas where the mean
annual precipitation exceeds the value of 1200 mm in contrast to other areas, mainly in
the west of the territory, where themean annual value is lower than 400mm. Regarding
seasonality, and inbrad terms, pluviometricmaximaare observed inCatalonia especially
in autumn and in spring, depending on the area. In the present study, the 48% of the
annual maxima considered occurred in autumn, 22% in spring, 16% in summer and
14% in winter.
Themean empirical correction factors at each AWS represented in Fig[4.4] were ob-
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Figure 4.5: fraction of daily rainfall registered every hour of the day at Núria (a station in the
Pyrenees, at 1971 m a.s.l.) and at the coastal city of Barcelona (Fabra Observatory).
tainedafter averaging the ratios calculated for everymonthlymaximumamount recorded.
With the aim of showing themonthly variations of the frequency factors against the frac-
tion of daily rainfall, as well as seasonality, in Fig[4.6] are represented, for every month,
the averaged ratios calculated from monthly maxima at every station, considering all
measures of 8 a.m. starting fixed interval. In Fig[4.7] these points have been averaged
by season, with spring comprising the months form March to May, summer June to Au-
gust, autumn September to November and winter December to February.
Fig[4.6] and Fig[4.7] show that summer is the season forwhich lower correction fac-
tors are neededbecause a very low fractionof thedaily rainfall is registered at 8 a.m. This
is an expected result since rainfall maxima recorded in summer in Catalonia are often
produced by local storms taking place aftermidday, due to a clear diurnal surfacewarm-
ing effect in their convective development, as well asmesoscale formations also triggerd
in the afternoon (Casas et al. 2004, Pérez-Zanón et al. 2016). In fact, the prevalence in
summer of mesoscale circulations with marked diurnal cycles has been reported for the
Western Mediterranean area (Palau et al., 2017). The same result is shown in Fig[4.8],
where empirical correction factors have been averaged by month. Fig[4.8] shows also
that factors for the climatological spring (March, April and May) are high, all of them
over the value of 1.14.
Regarding the influence of seasons, empirical factors are found to have a mean sea-
sonal global value in Catalonia of 1.161 in spring, 1.093 in summer, 1.124 in autumn and
1.139 in winter. The fact that correction factors are found to be highest in spring means
that it is the season when rain episodes are more often split when measures are taken
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Figure 4.6: empirical correction factors for fixed intervals of 24 hours starting at 8 a. m., ob-
tained fromdata of differentmonths, represented against the fraction of daily rainfall at the given
starting time of the interval. Red squares are the centre of gravity of each sample.
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Figure 4.7: Empirical correction factors for fixed intervals of 24 hours starting at 8 a. m., ob-
tained from averaging the correction factor of the three months of each season, represented
against the fraction of daily rainfall at the given starting time of the interval. Red squares are
the centre of gravity of each sample.
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Figure 4.8: empirical correction factors averaged by month and represented against the aver-
aged fraction of daily rainfall of the 120 AWS corresponding to each month. The climatological
seasons are indicated by different colours.
at 8 a.m., hence, a higher ratio is obtained between rainfall at unrestricted intervals and
rainfall at fixed time intervals. On the contrary, as commented, episodes in summer are
the ones that need the lowest corrections; indeed, summer episodes in the study area
are often raised by the influence of the diurnal cycle and the 24 hour maxima are not
usually split by a measure taken in the morning.
A spatial distribution of the correction factor in Catalonia has been obtained using a
simple kriging methodology for which the global averaged value at each AWS has been
interpolated. Fig[4.9] shows this spatial distribution for the four climatological seasons
(see Fig[1.4]). The general pattern of the spatial distribution resembles the mean an-
nual and mean seasonal rainfall patterns in Catalonia, with a need for lower correction
in drier regions. However, it must be noticed that this spatial patter is highly variable de-
pendingon the season, up to thepoint of having a region (in central Catalonia and slightly
to the west) which needs clearly high correction factors in winter while the same region
needs low correction factors in autumn.
Both spring and summer distributions present low spatial variability and the mean
ratio yields the highest and lowest seasonal correction factors respectively. Autumn’s
distribution presents a high spatial variability of empirical ratios, with the lowest cor-
rection coinciding with the driest regions. Winter presents a high spatial variability as
well, but the relation to the mean rainfall distribution is not so clear.
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(a) Spring (b) Summer
(c) Autumn (d) Winter
Figure 4.9: spatial interpolation of empirical correction factor obtained in 120 AWS using a
simple kriging.
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Figure 4.10: empirical correction factors represented against the actual rainfall duration of the
corresponding location (calculated with data of the same AWS); dispersion with all data (a) and
averaged by months using data from all stations (b).
4.2.4 Actual rainfall duration
In many areas of Catalonia, the meteorological situations producing abundant rain-
fall amounts contributing highly tomonthly and annual totals are not always the same as
those involved in dailymaxima (Casas et al., 2008). Thus, while synoptic-scale situations
have a greater influence on the annual mean rainfall, daily maxima are usually related
to smaller organisations for which local and mesoscale drivers as orography, distance
to the sea or temperature and humidity advections at low levels and between sea and
land, are decisive. With the aim of investigating the possible influence of meteorological
scales on the ratio between fixed and sliding intervals, and thus, on the correction factor,
the actual duration of rainfall episodes which produced monthly maxima at every AWS
has been taken into account. Fig[4.10] shows that the mean value of the actual dura-
tion of the monthly maxima events averaged by year is mostly between 8 and 12 hours.
Nonetheless, different durations are contributing to these mean values depending on
the season. In Fig[4.10] the actual duration averaged by month has been displayed also,
showing that themonthlymaxima in summermonths, aswell as in the firstmonth of au-
tumn (September), were the shortest events: between 6 and 9 hours according to their
mainly relationship to highly convective mesoscale organisations. For the rest of au-
tumn, winter and especially spring, with high correction factors and durations above 12
hours, synoptic scale situations, sometimes with smaller mesoscale systems developed
inside, seem to have more influence in the rainfall pattern. In both graphics of Fig[4.10]
a certain increasing dependence between the correction factor and the actual duration
can be glimpsed. Due to the expected relationship between themean annual rainfall and
the mean actual duration of the monthly maxima (Fig[4.11]), an increasing dependence
between the correction factor and the mean annual rainfall has also been found.
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Figure 4.11: relation of mean annual rainfall with actual rainfall duration (a) and empirical
correction factor (b) in the same location.
4.3 Obtainment of series ofmaximumrainfall in sliding
24 hours from daily measures at fixed times
The series of annual maximum rainfall in one day (with fixed starting time at 8 a.m.)
wereobtained from the163 selected series in the selected years (all of them in theperiod
1942-2016 and at least 25 years per series). These series ofmaximumrainfall in one day
need to be corrected to obtain annual series of rainfall in 24 hours (as if they had been
measured with a sliding window). To correct the annual series, the empirical correction
factor has been applied as multiplicative factor.
After the study of the correction factor presented in this chapter, it has been seen
that the empirical factor is similar to other proposed factors in the literature, hence, it
has been decided to use the empirical factor obtained in the present study as it is repre-
sentative of Catalonia.
It has been shown that the empirical factor depends on the location and on the sea-
son. Therefore, it has been chosen to use a specific factor depending on each location
and depending on the season in which the annual maximum of rainfall was collected.
The seasonal empirical factor had been obtained from monthly maximum daily values
in 120 AWS, however, the location of the AWS does not coincide exactly with the location
of any of the 163 selected manual series.
The followed implementation to solve this issue has been to extract the interpolated
value of a kriging performed with the empirical factors of the 120 AWS. The kriging in-
terpolation has been performed for each season (see Fig[4.12] that is the same inter-
polation shown in Fig[4.9] except that the legend is different, using now the exact same
legend as in Fig[4.13], Fig[4.14] and Fig[4.15]). In this way, the applied correction factor
does not depend on the empirical calculation in one particular station but it is smoothed
by all the values in the surrounding locations. Nevertheless, the factor in a particular
location depends highly on the season and the corresponding factor has been applied
depending on the day that led to maximum annual rainfall.
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Nevertheless, not only the series of annual maximum rainfall in 24 hours are need
in subsequent chapters. The series of annual maximum rainfall in 48 hours, 76 hours,
etc. (up to aggregations of 15 days) are needed in order to calculate the relation between
intensity and frequency at different durations. Therefore, the same procedure has been
applied using the spatial interpolation of the empirical correction factor at different du-
rations (for each season). Fig[4.13] shows the interpolation for 48 hours, Fig[4.14] for
72 hours and Fig[4.15] for 240 hours.
Finally, series of annual maximum rainfall in 24, 48, 72, ..., and 360 hours were ob-
tained at each of the 163 selected locations for the available years in the period 1942-
2016.
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(a) Spring (b) Summer
(c) Autumn (d) Winter
Figure 4.12: spatial interpolation (using a simple kriging) of empirical correction factor ob-
tained to correct 1 day to 24 hours maxima (originally obtained using 120 AWS).
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(a) Spring (b) Summer
(c) Autumn (d) Winter
Figure 4.13: spatial interpolation (using a simple kriging) of empirical correction factor ob-
tained to correct 2 days to 48 hours maxima (originally obtained using 120 AWS).
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(a) Spring (b) Summer
(c) Autumn (d) Winter
Figure 4.14: spatial interpolation (using a simple kriging) of empirical correction factor ob-
tained to correct 3 days to 72 hours maxima (originally obtained using 120 AWS).
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(a) Spring (b) Summer
(c) Autumn (d) Winter
Figure 4.15: spatial interpolation (using a simple kriging) of empirical correction factor ob-
tained to correct 10 days to 240 hours maxima (originally obtained using 120 AWS).
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Chapter 5
TEMPORAL DOWNSCALING
The present chapter dealswith the underling fractal theory in themethodology used
in this project to obtain Intensity - Duration - Frequency relationships. The monofractal
methodology is not the only one ready for the obtainment of IDF relationships; classic
methodologies, that calculate the return period of a rainfall depth of certain duration
from the probability of exceedance calculated by ranking the observations or adjusting
them to an extreme value probability distribution, are used to infer IDF relationships at
a lower temporal resolution than the initial data. Therefore, IDF relationships can be ob-
tained, by aggregation methods, from daily data at a resolution of days, weeks, months
or years; however, in order to obtain IDF relationships at a subdaily duration, hourly or
minutedata areneeded in classicmethodologies. Themonofractal downscalingmethod-
ology is suitable in the present project, where the initial data is at daily resolution and
the ambition is to obtain IDF relationships at a higher temporal resolution (i.e., subdaily).
The intensity-duration-frequency curves (IDF curves), which have been a matter of
considerable interest to engineers and hydrologists for over a century, remain nowadays
as an important tool to analyse the risk of natural hazards for hydrological purposes.
The mathematical relationships more often used to describe the IDF curves are empir-
ical, sometimes in the form of a generalised equation for the rainfall intensity I(t, T ),
valid for all durations, t, and return periods, T , considered. This equation usually has
the generalised form a(T )b(t) , where a(T ) and b(t) are functions independent of each other.
The function a(T ) can be found empirically (Casas et al., 2004), although there are au-
thors (Koutsoyiannis et al., 1998) who proposed to use a function of statistical proba-
bility of the maximum rainfall intensity to determine it. Other authors (Burlando and
Rosso 1996, Menabde et al. 1999) considered the fractal property of scale invariance of
the rainfall series to find an analytical relationship for the IDF curves taking into accound
the scaling behaviour. Burlando and Rosso (1996) were pioneers in applying scaling re-
lationships to the statistical moments of annual maximum rainfall series. There is also
a methodology based on the property of scale invariance (Menabde et al. 1999, Yu et al.
2004, Desramaut 2008, Bara et al. 2010) to obtain IDF curves in those places where
daily rainfall data are the only available. For instance, Aronica and Freni (2005) anal-
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ysed extreme rainfall data from a rain gauge network within the metropolitan area of
Palermo (Italy) with the aim of combining and taking advantage of high-resolution rain
gauges with a short working period along with low-resolution rain gauges with longer
data records to obtain plausible depth-duration-frequency (DDF) curves. Applying this
scaling approach, Aronica and Freni (2005) found better results than those coming from
the classical subhourly rainfall regression formulas (Bell 1969, Ferreri and Ferro 1990).
Likewise, studying the scaling properties of selected rainfall quantiles and applying this
methodology, Bara et al. (2009) derived the IDF curves for durations shorter than a day,
calculated from a historical dataset covering the whole territory of Slovakia. In a recent
paper, Rodríguez-Solà et al. (2017) used this methodology also to reproduce the well-
known empirical IDF curves at three Spanish locations: Barcelona (Casas et al. 2004,
Rodríguez-Solà et al. 2014), the EbreObservatory (Pérez-Zanón et al., 2016), andMadrid
(Casas-Castillo et al., 2018b), taking into consideration the scaling behaviour of rainfall.
5.1 Fractals and rainfall
The term fractal was first coined by Benoît Mandelbrot (1924-2010), the mathe-
matician known as the father of fractal geometry. The term comes from the Latin fractus
that means irregularly broken. Fractal objects already existed in geometry at the time,
like the Sierpi ski triangle or the Koch curve (see, Fig[5.1a] and Fig[5.1b]). Mandel-
brot, in his two most known books (Fractals: Form, Chance and Dimension, Mandelbrot
1977 and The Fractal Geometry of Nature, Mandelbrot 1982), showed the existence of
the fractal geometry in nature (see Fig[5.1c]) and laid the foundations for the develop-
ment of fractal theory. Nowadays, fractal theory has applications inmanyfields, from the
modelling of stockmarket prices to computer simulation of artificial landscapes. Indeed,
natural landscapes have fractal characteristics and by knowing their fractal dimension,
a computer can represent artificial mountains and clouds that look like real ones. As
Mandelbrot stated: "Clouds are not spheres, mountains are not cones, coastlines are not
circles, and bark is not smooth, nor does lightning travel in a straight line".
Schertzer and Lovejoy (1991) studied the spatial scaling properties of rain and cloud
fields and proved those fields to have a multifractal behaviour and supported the idea
that the atmosphere has a multifractal structure across meteorological scales. The au-
thors concluded that their results couldbe implemented in amethod for correcting radar
measurements of rain (Schertzer and Lovejoy, 1991)). Indeed, rainfall presents a spatial
self-similarity where synoptic areas could present low precipitation intensities but they
would have embedded mesoscale areas with higher intensity and, in turn, those areas
contain smaller cells of different intensities in a hierarchic structure that can be mod-
elled in a multiplicative cascade model (a fractal distribution of points produced by a
multiplicative and iterative random process).
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(a) Sierpi ski triangle is an
equilateral triangle that has
been subdivided in four tri-
angles and the central one
has been removed. The
process repeated infinitely
with the remaining triangles
leads to an object that is in
a plane (2 dimensional) but
does not fill it completely. Its
fractal dimension is 1.585.
(b) Koch curve (also known
as Koch snowflake). It is a
line of infinite length that cir-
cles a finite area. It is more
than a line (1 dimensional)
but cannot cover a plane (2
dimensional). Its fractal di-
mension is 1.262.
(c) romanesco broccoli has a
structure that repeats itself
at different scales (source:
photographed by the au-
thor). Vegetables usually
have fractal structures on
the outside while animals
have fractals on the inside
(e.g., the ramifications of
the lungs or the circulatory
system).
Figure 5.1: examples of classical fractal objects in mathematical geometry and in nature.
Figure 5.2: radar image over Cat-
alonia on the 19th of September 2019
(source: Meteorological Service of
Catalonia). Rainfall intensity is spa-
tially distributed following a frac-
tal pattern, i.e., large scales present
embedded cells of high intensity
that alternate with areas without
rain showing a self-similarity across
scales.
This processes are considered to have struc-
tures of large characteristic scale that are frag-
mented in a random number of subestructures of
a smaller characteristic scale. In a similar way that
turbulent processes are considered to transfer en-
ergy from large to small scales, in a multiplicative
cascade model of rainfall it is assumed that water
is transferred across scales in the atmosphere (see
Fig[5.2]).
Rainfall also presents temporal self-similarity
characteristics across scales that can be analysed by
considering the fractal theory. Temporal fractality
of rainfall is less well studied and defined than spa-
tial fractality, but a box-counting of occurrence or
exceeding a threshold can be used to determine the
fractal temporal dimension (see Fig[5.3]).
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Figure 5.3: daily rainfall collected at Fabra Observatory (Barcelona) during the year 2016. Be-
low the plot, a box-counting of occurrence (blue) and exceedance (red) is displayed. The box-
counting presents a fractal pattern, but it depends on the chosen threshold.
5.2 Fractal downscaling methodology
Many atmospheric processes, rainfall generation among them, act in a wide tempo-
ral range giving rise to phenomena which accomplish self-similarity, i.e., that behave in
the same way regardless of the temporal scale at which they are observed. This kind of
processes can be considered of fractal type, with properties manifesting power laws of
the scale  , which is the ratio t/t0 between any two durations t and t0 within a scaling
regime. In general, the fractal self-similarity of natural processes has a statistical na-
ture; thus, the scaling properties of rainfall can be expressed by statistical relationships
(Schertzer and Lovejoy 1987, Grupta and Waymire 1990, Schertzer and Lovejoy 2011).
For instance, it has beenwidely observed (Koutsoyiannis andE.Foufoula-Georgiou1993,
Burlando and Rosso 1996, Menabde et al. 1999) that the probability distribution of the
annual maximum rainfall intensity satisfies scale relationships, meaning that the proba-
bility distribution of the annual maximum intensity for a duration t, It, and the distribu-
tion at an other time scale t0 =  t, I t, can be related by a factor that is a power function
of the scale parameter  . This property, usually referred as simple scaling in the strict
sense (Grupta and Waymire 1990, Yu et al. 2004), can be expressed by Eq[5.1], where
the symbol dist= indicates equality of probability distributions, and   is a scaling parame-
ter, knownhereafter as the scaling exponent. Eq[5.1] implies that the statisticalmoments
of these two distributions fulfil the equality, as well as their quantiles and the rest of sta-
tistical features. In terms of the statistical moments of order q of the rainfall intensity for
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a duration t, hIqt i defined in Eq[5.2], the scaling relationship can be expressed as Eq[5.3].
It
dist
=   I t (5.1)
hIqt i =
Pn
i=1I
q
ti
n
(5.2)
hIqt i =   qhIq ti (5.3)
The exponent  q can be considered as the linear case of a general scaling function
K(q), a function resulting nonlinear in the multifractal case. The simplest procedure
to determine the scaling exponent   from daily data is to calculate the statistical mo-
ments using Eq[5.2] of maximum annual series calculated by aggregation from daily se-
ries (with rainfall amounts for 2, 3, 4... days) for different values of the order q, and
perform a linear regression between the logarithmic values of these moments and the
logarithm of the duration t for every value of q. The straight lines obtained (in the case
of simple scaling), each one of them with a slope of value  q, evidence scale invariance.
The equality of the quantiles of the probability distribution of Eq[5.1] implies that
these quantiles are also be related by the same scaling relationship. In particular, the
scaling relationship which corresponds to an extreme rainfall intensity I(t, T ), with a
return period T , and a duration t, i.e. IDF curves, can be expressed by Eq[5.4], where
daily duration appears as the reference duration t0 = 24h.
I(t,T ) =
t
24
 
I(24,T ) (5.4)
Once known the scaling exponent  , Eq[5.4] can be used to downscale daily values
I(24, T ) to IDF values for sub-daily durations t; always under the assumption that the
simple scaling relationship is fulfilled by sub-daily durations, which can only be consid-
ered as an approximation.
5.3 Results from other authors
In Catalonia and Spain, there has has been some recent research on the implementa-
tion of the monofractal theory for the downscaling of intensity-frequency relationships
at a duration shorter than one day.
Rodríguez-Solà et al. (2017) obtained the IDF curves for a hundred Spanish locations
for which only daily rainfall data were available, and found a spatial distribution of the
observed scaling behaviour over Spain in concordance with the characteristic rainfall
pattern in diverse areas (see Fig[5.4]). Rodríguez-Solà et al. (2017) also reproduced the
well-known IDF curves of three Spanish locations (Fabra and Ebre observatories in Cat-
alonia and Retiro observatory in Madrid) using the monofractal technique. The curves
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reproduced satisfactorily the classical results when downscaling daily records for dura-
tions above 1 h, with mean relative differences lower than 7%. Discrepancies between
the downscaled values and the known values I(t, T ) for durations shorter than 1 h re-
sulted slightly higher (around 20% in the worst cases) and seemed to depend on the
kind of measuring instrument.
Meseguer-Ruiz et al. (2019) studied the temporal fractality of rainfall in peninsular
Spain and the Balearic Islands by calculating the fractal dimension of rainfall at 48 ob-
servatories. Meseguer-Ruiz et al. (2014) calculated the fractal dimension, a numerical
expression of the temporal distribution of rainfall that can be understood as an indica-
tor of self-similarity characteristics, in 20 observatories in Spain. The authors linked the
fractal dimension to the concentration index of precipitation.
García-Marín et al. (2013) studied the multifractal properties of subdaily rainfall
data and obtained the IDF curves for Málaga (a location in southern Spain); they found
that the intensity of rainfall in Málaga followed a scaling behaviour that was valid be-
tween 1 hour and 21 days.
Figure 5.4: spatial distribution of the simple scaling exponents found for 100 Spanish stations.
In white, test stations used by the authors to check the reliability of the applied methodology.
Source: Rodríguez-Solà et al. (2017).
94
CHAPTER 5. TEMPORAL DOWNSCALING
5.4 Applied procedure for the calculation of the scaling
exponent
The phenomenon arising from the rainfall generation process presents a fractal self-
similarity of statistical type, as it has been also observed in other natural processes
(Schertzer and Lovejoy, 2011). Therefore, rainfall series generally show space and time
scaling properties, being the self-similarity at different time scales the cornerstone of
the present chapter. The simple scaling methodology is based on the statistical self-
similarity of rainfall time series and it is quite broadly used to find or reproduce the
Intensity-Duration-Frequency curves of a location.
In the present chapter, the obtained empirical scaling exponent ( ), which will be
used in subsequent chapters toobtain Intensity-Duration-Frequency relationshipsbased
on the monofractal methodology, is analysed and its relation to the characteristic rain-
fall patterns of the study area is investigated. The empirical scaling exponent has been
obtained for the 163 series selected in Chapter 3 using daily data on the selected years
in the period 1942-2016. For a particular part of the study of the scaling exponent, con-
cerning the dependence of   on the chosen period and trends over the past decades, the
years of used data have been extended.
Because of its definition (see, Eq[5.4]), the values of the simple scaling exponent are
expected to be higher than -1. The limit value of   =  1 would correspond to rainfall
samples with isolated annual maximum values; in the case of daily rainfall, a maximum
value for a specific day P1 surrounded by dry days. Thus, the process of aggregation
leads to series where the precipitation for n days, Pn is the same regardless of the num-
ber of days. Then, in terms of intensity, In = I1/n, which corresponds to a scaling ex-
ponent of   =  1 compared to the scaling relationship for q = 1 (mean), I1/n = n I1.
The opposite (and hypothetical) case would be a totally regular sample where all days
(within the n-aggregation) present the same rainfall amount, which implies the same
intensity for all durations, and consequently,   = 0. In real rainfall cases, the scaling
exponent ranges between   =  1 and a value close to   =  0.5. It seems reason-
able then to expect some relationship between the scaling exponent values and rainfall
series regularity, with the lowest values close to -1 corresponding to areas where rain-
fall is usually very irregular and convective, with sudden isolated maximum values, and
higher values for rainy areas with a more regular rainfall pattern and uniform rain. For
instance, Menabde et al. (1999) compared two sets of rainfall data representing two ex-
amples of quite different climate types, and found a scaling exponent of -0.65 for Mel-
bourne (Australia), a city with a mid-latitude temperate climate and rainfall throughout
the year, and a value of -0.76 for Warmbaths (South Africa), having a semiarid climate
with summer convective rainfall, and concluded that the scaling exponent appears to
be dependent on the rainfall and climate characteristics. In addition, Bara et al. (2009)
found scaling exponents around -0.75 for three locations representative of the western
(Kuchy a-Nov˝Dvor), central (Liptovsk˝Hrádok), and eastern (Humenné) areas of Slo-
vakia, and Yu et al. (2004) found three types of rainfall scaling behaviour over northern
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Taiwan, related to the change in topography and the influence of the northeastmonsoon.
Rodríguez-Solà et al. (2017) found a general concordance between the spatial distribu-
tion of   over the Iberian Peninsula and themean annual precipitation distribution, with
high values between -0.55 and -0.66 in rainy areas and low between -0.84 and -0.92 for
the dry ones, with some discrepancies related to the kind of precipitation contributing
to high rainfall amounts and the proportion of convective rainfall in total. In particular
for Catalonia, Rodríguez-Solà et al. (2017) assigned a range of the scaling exponent be-
tween -0.77 and -0.83, based on the analysis of series from few stations located in this
area. To investigate, in more detail for this area, the influence of geographical location
and the different mechanisms of rainfall generation in the scaling behaviour, a new cal-
culation of the simple scaling exponent has been performed in the present project from
the selected 163 daily rainfall series of Catalonia and surroundings. Finally, a spatial
distribution of its values is presented and analysed.
The scaling analysis presented hereafter has been performed for the 163 series se-
lected on Chapter 3. Firstly, series of annualmaximumof accumulated rainfall on 1 to 15
days were obtained from aggregation of daily data. Afterwards, these series were cor-
rected by the multiplicative correction factor that corresponded to the location of the
series and the season in which the maximum was produced at each year. The corrected
series of annual maximum rainfall in 1 to 15 days were analysed and the q order sta-
tistical moments of rainfall intensities were calculated for values of q 0.5, 1, 1.5, 2 2.5
and 3, following Eq[5.2]. A linear regression between their logarithmic values and the
logarithm of the duration (t) was performed for every value of q with the aim to evi-
dence scale invariance and to find the value of the scaling exponent   for each case. As
an example Fig[5.5] shows the log-log plots of the statistical moments against duration
corresponding to two stations: Vielha and Lleida. These two stations have been selected,
because they correspond to two different climates in Catalonia and they present quite
different values of empirical   (Vielha -0.71 and Lleida -0.83). Vielha is located in the
Val d’Aran County, a part of Catalonia where Atlantic influence dominates over Mediter-
ranean and its climate is characterised by a regular precipitation through the year with
high accumulated total amounts. On the other hand, Lleida’s climate, in Segrià County,
is classified as Dry Continental Mediterranean and rainfall characteristics imply low an-
nual amounts in an irregular pattern with seasonal maxima in spring and autumn. In
Fig[5.5], straight lines fitted by linear regression, each of themwith a slope of valueK(q),
indicate scaling invariance. The values of these slopes haven been displayed in Fig[5.6],
where the linear behaviour of the scaling functionK(q) (K(q) =  0.71q for Vielha and
K(q) =  0.83q for Lleida) shows the monofractal or simple scaling behaviour of these
two specific series, which is a general result for all the analysed locations.
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(a) VA010 Vielha (b) SE020 Lleida
Figure 5.5: logarithmic plot of statisticalmoments for different orders q of the annualmaximum
intensity.
(a) VA010 Vielha (b) SE020 Lleida
Figure 5.6: slope of statistical moments of the annual maximum intensity against the order q.
97
INTENSITY - DURATION - FREQUENCY OF RAINFALL IN CATALUNYA
Figure 5.7: results of the empirical scaling exponent obtained in 163 locations with series of
annual maxima in 24 hours in the period 1942-2016 (selected years).
5.5 Study of the empirical scaling exponent
The empirical results found for   show a wide variability within a short distance
with a standard deviation value of 0.04 for the whole territory. The observed variabil-
ity might be caused by the fact that different series have a different number of years
available, being the shortest series (with 25 to 30 years) more influenced by particu-
lar episodes. However, the performed spatial analysis yields a certain pattern, namely
higher valuesmainly concentrated in the northwest (see Fig[5.7]). While 90%of the em-
pirical values range between  0.84 and  0.72 and have a mean of  0.79, there are two
distinct zones which outstand: a northern area with a mean value of  0.75, matching a
mountainous area with some Atlantic influence at its most northwestern corner, and a
southwestern area with amean value of   of 0.81, in great concordance with the driest
areas in Catalonia. Indeed, a statistical analysis of the values obtained in these zones,
i.e., Kolmogorov-Smirnov test for two samples, shows that the northern zone (Zone N
in Fig[5.8]) and the southwestern zone (Zone S) come from different distributions, and
hence, the samples are distinct. The different results of   values in these two distinct
zones can be seen in Fig[5.8] where empirical values are shown grouped in boxplots
according to separated zones.
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(a) boxplot of obtained   in 163
locations grouped by zones.
(b) division of the territory in three zones that roughly
correspond to regions with different climates and, espe-
cially, to zones with different empirical scaling exponents.
Figure 5.8: boxplot of empirical values of the scaling exponent (a) grouped in three zones ac-
cording to their location (b).
5.5.1 Temporal trends of  
In the present subsection, a study of the dependence of the scaling exponent on the
chosen time period is performed. Only for this subsection datawill be used outside from
the selected years in the period 1942-2016 and the specific period will be indicated in
each case.
The objective of analysing the temporal evolution of the scaling exponent is to deter-
mine if it presents trends over time or if some specific years present distinctive values
from other years. In the case that the   parameter were to depend on the specific years
in which it is calculated, it would not be useful to infer long lasting characteristics of the
study area because it would mean that the processes underlying rainfall generation are
changing.
Fig[5.9] shows the temporal evolution of the scaling exponent calculated with 30
consecutive years of data starting at each year in the period 1911-1987 (where the last
period of 30 years is 1987-2016 and it used themost recent available data in the project).
The scaling exponent has been calculated in these cases using all available data in the se-
lected 163 locations, regardless of the quality of the data. In each of the 30-year periods
there were at least 10 locations where   could be calculated and all the available data
are used to calculate the percentiles shown in Fig[5.9]. The percentile 0.5 of all the eval-
uated data presents a very low temporal trend that indicates, with a confidence level of
95%, a reduction in the value of   of 0.002 each decade. This is such a small trend that
should not compromise the subsequent results of the project, but the observation of this
behaviour seems worth studying.
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Figure 5.9: temporal evolution of themaximum,minimumand several percentiles of the scaling
exponent calculated at 163 locations using data sliding periods of 30 years.
Fig[5.10] shows the temporal evolution of the scaling exponent obtained at mobile
periods of 30 years considering the differentiated zones introduced in Fig[5.8b]. In this
figure the maximum and minimum values obtained in the whole territory as well as the
percentiles 0.25 and 0.75 of the whole territory plotted in Fig[5.9] are maintained for
reference. The distinction of three zones in the territory reveals different behaviours
of the scaling exponent: the average value of the northern zone presents a decreasing
statistically significant trend of -0.006 per decade in the value of   and in the southern
zone an increasing, also statistically significant, trend of 0.004 per decade. The eastern
zone does not present a trend. As mentioned previously, these trends are two small to
interfere in the results in a period of the order of 50 years, but it should be noticed that
they exist. Recent studies in Catalonia hardly show significant trends of precipitation
or its climatic indices (Servei Meteorològic de Catalunya, 2019), but a decreasing trend
of   in the northern part of the territory could be related to an increase of convective
rainfall in that region and the opposite in the southern part that presents an increase of
the scaling exponent.
Finally, the temporal evolution of the scaling exponent has been analysed in the two
longest and most complete series of the territory, i.e., Fabra and Ebre observatories.
In Fig[5.11] both observatories present a non neglectable variability depending on
the 30-year period used in the calculation. The value of the scaling exponent in time
has similar variations in both observatories, although the values are greatly differen-
tiated especially in the most recent period. The variability of the scaling exponent in
Fabra and Ebre supports the idea of using a spatial interpolation of   values to obtain
IDF relationships at high spatial resolution (creating a grid) in a manner that the used
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Figure 5.10: temporal evolution of the maximum, minimum and percentile 0.25 and 0.75 of the
scaling exponent calculated at 163 locations using data sliding periods of 30 years. Also average
value of the scaling exponent obtained in the same periods selecting three different groups of
locations.
scaling exponent at each grid point is representative of the region, capturing its scaling
characteristics and reducing the influence of using a short and specific time period.
5.5.2 Spatial distribution of  
As it has been discussed before and as it can be seen in Fig[5.7], the northern part
of the study area has higher   values, especially at its most northwestern corner where
some features of Atlantic climate are observed. In the northwestern area of Catalonia
the climate is less influenced by the Mediterranean because of its distance to the coast-
line and the blockage of the high mountains of the Pyrenees. Moreover, the northwest-
ern corner if often influenced by Atlantic fronts and its climate is characterised by high
amounts of rain collected regularly through the year.
On the other hand, the southwestern zone, and especially the west of the study area,
has a climate characterisedby scarce rainfall, recordedmainlyduringAutumnandSpring.
Thiswestern dry area presents some of the lowest   values obtained over Catalonia sup-
porting its climatic observations of irregular rainfall patterns. Not so differently from
the north, the western zone is not extremely influenced by the Mediterranean, being far
from the coastline, it has a more continental climate than other areas in Catalonia; the
main difference between Zone S and Zone N (see Fig[5.8b]) is the dryness regarding to-
tal annual amounts and the irregularity of the rainfall pattern with two seasons when
most of the rain is collected.
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Figure 5.11: temporal evolution of the scaling exponent obtained at two different locations for
sliding periods of 30 years.
Figure 5.12: variogram of the em-
pirical scaling exponent and fitting to
amodel with Hole effect that denotes
anisotropy (different change of the
parameter in different directions).
The simple kriging interpolation, us-
ing this model and the mean value of
empirical   in the whole territory re-
sults in amean value of 0.7833, first
quartile  0.7964, median  0.7838
and third quartile 0.7749.
Nevertheless, the pattern of  values empirically
obtained shows other areas characterised by high or
low values, such as low values in the eastern coast-
line where the rainfall pattern is known to be irreg-
ular, but these areas are more difficult to spot be-
cause of the high variability of the empirical results.
To better analyse the spatial pattern of the scaling
exponent and its relationship to climatic character-
istics, the empirical values have been interpolated.
The interpolation has been performed using a sim-
ple kriging technique through a hole effect model to
fit the variogram (see Fig[5.12] for fitting details).
The spatial distribution of   after interpolation
is shown in Fig[5.13]. The distinct zones previously
discussed, namely, Zone N of high   values (less
negative) and Zone S of low   values (more nega-
tive) are clearly captured by the interpolation, be-
ing the distinction between the northwestern area
and the southwestern zone the most clear feature.
Moreover, a third zone in the east, near the north
part of Catalonia’s Mediterranean coast, presents
lowvalues of interpolated . The eastern coastline is
clearly influenced by the Mediterranean and heavy
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Figure 5.13: interpolated results of the empirical scaling exponent using a simple kriging tech-
nique from the calculation of   at 163 locations (the specific locations are shown, for instance,
in Fig[5.8b]).
rain episodes occur often associated with Mediterranean low-pressure systems that
bring wet eastern winds to this area. The rainfall pattern of this eastern area is charac-
terised by low total annual amounts collectedmainly in Autumn. Therefore, the climatic
characteristics of this area suport the rainfall irregularity suggested by the empirical  
values.
Overall,   values are observed to becomemore negative towards the coastlinewhere
the rainfall pattern becomesmore influenced by the Mediterranean Sea, with the excep-
tions of the southern coastline. This exception is actually caused by an area of lower  
values in the west associated with an irregularity of the rainfall pattern not caused, in
this case, by theMediterranean influence but by the droughtiness of the region. The reg-
ularity of the rainfall pattern associated with high   values is clearly supported by the
climatic characteristics of the northwestern area.
As it can be seen in Fig[5.14a], there is some correlation between the scaling ex-
ponent and the mean annual rainfall,   increasing with mean annual rainfall. This cor-
relation has been especially noticed in the two distinct zones highlighted before (high
  values and annual rainfall amounts in the NW in contrast to western low   values
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and dry areas). Fig[5.14b] shows that   slightly decreases with the percentage of col-
lected annual precipitation during the maximum one day rainfall of the year. This con-
tribution of the maximum rainfall day to the total amount is related to rainfall irregu-
larity as a higher contribution of one day to annual amounts corresponds to heavy rain
episodes sparse in time (the same case that corresponds to most negative values of  ,
i.e.,   !  1 following the scaling exponent’s definition). Fig[5.14c] show that no depen-
dence has been observed between   and geographical longitude, whereas there is some
correlation, although small, with latitude (Fig[5.14d]),   increasing towards north, al-
titude (Fig[5.14e]),   being higher to greater height, and with the distance to coastline
(Fig[5.14f]),   showing less irregularity of precipitation away from the Mediterranean
influence.
5.6 Spatial grid of the empirical scaling exponent
The scaling exponent obtained and analysed in the present chapter is needed to
transform intensity-frequency relationships of rainfall in 24hours to intensity-duration-
frequency relationships that are valid for several durations. This transformation is done
using the scaling properties of statistical type following Eq[5.1]. IDF relationships can be
obtained at the exact 163 previously selected locations using the same series of annual
maximum rainfall in 24 hours (corrected by themultiplicative factor presented in Chap-
ter 4). However, in order to obtain IDF relationships at high spatial resolution, the results
will need to be spatially interpolated; as the performed interpolation of the scaling ex-
ponent has been analysed giving satisfactory results that are coherent with the climatic
characteristics of the region, it has been decided to use the interpolation presented in
this chapter and apply it to separately interpolated results of intensity at selected re-
turn periods (i.e., intensity-frequency relationships). In this way, the value that will be
used of the scaling exponent will depend on the location but it will be smoothed by all
the nearby results and, hence, not extremely dependent on the available data and time
period of a specific location (as it has been seen in subsection 7.2.1 that it have been a
potential issue).
Therefore, the spatially interpolated results presented in Fig[5.13] have been used
to extract the scaling exponent at grid points at 1 km x 1 km resolution. In this man-
ner, once the results of intensity-frequency are obtained, those can be interpolated and
extracted at the samegridpoints for a selectionof returnperiods and, then, the intensity-
duration-frequency relationship can be calculated at high spatial resolution for any de-
sired duration without needing any new interpolation.
Fig[5.15] shows the extracted values of the scaling exponent in a grid of 1 km x 1 km.
In fact, havingnopower todiscern thedetails, Fig[5.15] looks the sameasFig[5.13] (with
a different legend), but it is actually a collection of spatial pointswith the assignation of a
specific scaling exponent. Fig[5.15] may look as if the   values had been discretised, but
it is not the case, they present a continuumof values just as Fig[5.13] did, only the spatial
locations and the colour scale (to aid visualisation) have been discretised in Fig[5.15].
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Figure 5.14: dependence of the empirical scaling exponent   (at 163 locations) on different
rainfall and geographic characteristics of the location.
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Figure 5.15: grid of 1 km x 1 km of scaling exponent values. The colour scale is discretised
but the values used in the project have a continuum spectrum just as the results of the spatial
interpolation.
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Chapter 6
INTENSITY - FREQUENCY
RELATIONSHIPS FOR 24 HOURS
The first step to obtain the IDF relationships, before applying themonofractal down-
scaling using Eq[5.1] (It
dist
=   I t), is to obtain the distribution of the expected intensity
at a reference duration, t0. In this case, the reference duration is t0 = 24h as base rain-
fall data used in the project was measured at daily intervals. In the present chapter, the
frequency distribution of maximum intensity is obtained for 24 hours duration and ex-
pected maximum precipitation in 24 hours at different return periods are presented.
The intensity-frequency relationship at each of the 163 locations of the study area
selected in the project is obtained by adjusting the series of annual maximum intensity
to a probability distribution function. The series of annual maxima are used given that
the interest is in themaximum expected rainfall; the used series are the corrected series
of annual maximum rainfall in 24 hours presented in Chapter 4 (after applying the cor-
rection factor). The extreme value theorem states that the Generalised Extreme Value
Distribution (GEV) is the probability distribution to which a sequence of independent
and identically distributed random variables converge.
A probability distribution function gives the probability of occurrence of a random
variable. Whereas the cumulative distribution function (CDF) represents the probability
that a random variable (in this case, rainfall intensity) will take values less than or equal
to a given value. TheGEVdistribution is the general case of three probability distribution
functions: Gumbel (or type I extreme value distribution function), Fréchet (or type II
extreme value distribution function) andWeibull (or type III extreme value distribution
function). The cumulative distribution function of the GEV distribution is defined by
Eq[6.1], where s is the standardised variable (s = (x   µ)/ , where µ is the location
parameter and   the scale parameter) and ⇠ is the shape parameter.
F (s; ⇠) =
24e (1+⇠s) 1/⇠ if ⇠ 6= 0
ee
 s if ⇠ = 0
(6.1)
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The return period of an event of certain magnitude is defined as the mean time be-
tween occurrences of events that equal or exceed that magnitude (Chow et al., 1988).
The return period (t) is related to the probability of exceedance by Eq[6.2] when the
number of considered extreme events equals the number of years of the series, which is
the case as the extremest event of each year is taken.
Prob(X > x) = 1
T
(6.2)
6.1 Selection of probability distribution functions
As a general rule, the Generalised Extreme Value distribution was used to fit the se-
ries of annual maximum rainfall in 24 hours and obtain expected rainfall at different
return periods for that fixed duration. However, the GEV distribution was not always
suitable because for some series of maximum rainfall the adjustment to the distribution
yielded a positive shape parameter that implies a very small increase of expected inten-
sity at long enough return periods; this case is not a physical reflect of the behaviour
of rain but probably a lack of rare heavy episodes in the sample. Fig[6.1] shows that the
spatial distribution of the shape parameter of fitting a GEV distribution to the samples of
maximum rainfall is not related to geographic characteristics or the climatology of rain-
fall in the territory in this case, although, Ragulina and Reitan (2017) concluded in their
study that the shape parameter could be related to the dominant precipitation systems,
but there was need of more research on the subject, and they found that it decreased
with altitude (Ragulina and Reitan, 2017).
The fitting of the probability distributions was performed using the software R and
the packages lmom (Hosking, 2019a) and lmomRFA (Hosking, 2019b); the last one was
used to evaluate the goodness of fit. L-moments first developed by Hosking (1990) are
robust in the presence of outliers, hence, suitable in the use of series of maxima. The
analysis of L-moments was performed on the annual series of maximum rainfall to de-
termine their statistical characteristics, mainly L-skewness and L-kurtosis parameters.
The parameters of skewness and kurtosis of a sample can be used to chose a probability
distribution function to which the sample can be fitted. L-skewness and L-kurtosis for
the 163 series of maximum rainfall are plotted in Fig[6.2] that also shows the parame-
ters that a sample should have to have an underlying probability distribution of themost
common kinds.
As shown in Fig[6.3] the GEV distribution is not the distribution that has been used
to finally fit all the samples. Fig[6.2] already showed that not all the samples can be
fitted to a GEV distribution, but there are other distributions more appropiate instead;
the number of annual maximum rainfall series fitted to each distribution is shown in
Table[6.1].
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Figure 6.1: spatial distribution of the value of the shape parameter that would be needed to fit
the selected series of annual maximum rainfall in 24 hours to a GEV distribution.
Probability Distribution
name
Number of series fitted to the
distribution
GEV 100
GUMBEL 44
GNO 7
GLO 5
GPA 4
PE3 3
Table 6.1: list of probability distributions used and number of series that have been fitted to
each distribution. The GEV distribution was chosen unless data had a much better fit to another
distribution or the results yielded unrealistic intensities at high return periods.
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Figure 6.2: output of the software lmom (Hosking, 2019a) displaying the L-skewness and L-
kurtosis of each of the samples and the combination of those parameteres that could have a sam-
ple that followedaGLOdistribtuion (blue line), a GEVdistribution (green line), a GPAdistribution
(red line), a GNO distribution (black line), a PE3 distribution (light blue line) or particular cases
of the general distributions like the Gumbel distribution (central square).
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Figure 6.3: map of the study area showing the probability distribution fitted to the series of
annual maximum rainfall in 24 hours at each of the selected locations.
The finally chosen distribution to fit each of the available series was selected after a
careful analysis of the spatial distribution of expected intensity given by the prediction
of different distributions. The visual inspection of the spatial distribution of the results
allowed the detection of two errors in the original series that had previously been unde-
tected despite the rigorous quality control: the series of TA013 - La Fatarella - 2 had an
absolute maximum of 199.0 mm and the series of ES048 - Urdiceto Central had an abso-
lutemaximumof 307.2mmwhich, after checking daily data, were found to be erroneous
values; original datawas corrected and the series ofmaximawere recalculated (the scal-
ing exponentwas not recalculated as it was considered that by using the smoothed value
with a spatial interpolation, the difference would be marginal). Fig[6.4] illustrates the
difference in expected maximum rainfall that would be obtained depending on the cho-
sen probability distribution; intensity at high return periods yields themost outstanding
difference but the difference in expected intensity at low return periods can also be sig-
nificant and, hence, it was also considered.
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intensity according to the prediction of several distribution towhich the sample can be fitted. In
this case, the GNO distribution was used instead of GEV because otherwise the expected inten-
sity at low return periods gave low values that were outstanding in a spatial interpolation. The
GUMBEL distribution was not used, despite its goodness of fit for low return periods, because
the absolute maximum and the second maximum of the series showed higher intensities better
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(b) annual maximum rainfall in TA013 - La Fatarella - 2 (dots) and expected maximum inten-
sity predicted by several distributions: dotted lines show the prediction before correcting the
absolute maximum of the series that was found to be an error, despite being an area with low
expected intensities, predicted intensity at high return periods had an outstanding value rela-
tive to nearby locations and this fact led to spot an erroneous value in daily data (a maximum
of 119.0 mm); the solid green line shows the prediction of the fitted GUMBEL distribution after
correcting the series of maxima.
Figure 6.4: examples of expected rainfall intensity depending on the return period, (i.e.,
intensity-frequency relationship) predicted by different probability distributions at two loca-
tions.
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6.2 Expected rainfall in 24 hours
Once the series of annualmaximumrainfall in 24hourswerefitted to a suitableprob-
ability distribution at each location, as discussed in the previous section, the prediction
of rainfall intensity of the chosen probability distributions was obtained for several re-
turn periods. The return periods chosen to obtain expected maximum intensity were 2,
5, 10, 20, 50, 100, 200 and 500 years. The results of expected rainfall intensity at the
mentioned return periods are shown in Table[6.2]. From these data a spatial interpola-
tion was performed for each selected return period, thus obtaining the intensity - fre-
quency relationship of precipitation at high spatial resolution. The spatial interpolation
was performed, in this case, using the software ArcGIS to implement a geographically
weighted regression that uses altitude as an independent variable and kriging to correct
the residuals; this interpolation methodology is the one that is more often used in the
SMC to spatially interpolate precipitation data.
The results of the spatial interpolation of the maximum expected intensity for rain-
fall events of 24 hours at three of the selected return periods are shown in Fig[6.5],
Fig[6.6] and Fig[6.7]. There is an overall similarity of the spatial patterns of maximum
rainfall with maps of annual rainfall depth; the most outstanding feature is the lowest
maxima in the western zone in concordance with the driest areas of Catalonia. How-
ever, discrepancies in some areas indicate the effect of convective rainfall. Val d’Aran, in
the northwestern corner of Catalonia, is a rainy region (in total annual depth) with low
daily and subdaily maxima instead; continuous rain with low convection produce high
total amounts without short time maxima. Maximum expected rainfall is mainly found
with in the southern part of the territory (Montsià county) and in the northeastern part
(Alt Empordà and Ripollès) with similar values (see Fig[6.14] to localise the mentioned
counties).
Maximum values found in the southern part shift their location depending on the
return period: for lower return periods, maximum values are found in the Ebre’s delta,
while for high return periods maximum values are displaced 30 to 40 km to the west
(whereEl Portmountainous area reaches altitudes of 1,400ma.s.l.). A relativemaximum
found in the Montseny mountains (east of central territory) is important for low return
periods and in Fig[6.5] it can be seen the high expected intensities are not isolated in
that part but are linked to high intensities in the eastern Pyrenees by the values found in
Garrotxa and in betweenOsona and La Selva counties. Thismaximumexpected intensity
inMontseny area for low return periods is mainly caused by the intensities registered at
theweather station ofVR063 - Turó de l’Home (1,669ma.s.l.). Series ofmaximumrainfall
in this particular location have been adjusted to a GUMBEL distribution that predicted
the absolute maximum expected rainfall intensities in Catalonia for low return periods,
although the predicted intensity does not increase as much as in other locations with
the increase of the return period and it presents the 15th maximum for 100 years return
period and the 25th for 500 years.
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ID FittedDistribution
Intensity
(mm/dia)
T = 2 years
Intensitat
(mm/dia)
T = 5 years
Intensitat
(mm/dia)
T = 10 years
Intensitat
(mm/dia)
T = 20 years
Intensitat
(mm/dia)
T = 50 years
Intensitat
(mm/dia)
T = 100 years
Intensitat
(mm/dia)
T = 200 years
Intensitat
(mm/dia)
T = 500 years
AC010 GEV 58.1 76.6 92.0 109.8 138.2 164.2 195.1 245.0
AE010 GPA 72.8 124.9 168.0 214.5 281.7 337.3 397.3 484.0
AE024 GEV 102.4 149.2 180.4 210.6 249.9 279.6 309.3 348.9
AE041 GNO 62.7 105.1 140.6 180.3 240.2 291.8 349.4 435.4
AE052 GEV 83.0 125.9 159.2 195.3 249.3 295.7 347.7 426.5
AP011 GUMBEL 64.1 84.2 97.4 110.2 126.6 139.0 151.3 167.5
AP023 GEV 82.4 112.8 135.7 159.8 194.8 224.0 255.9 302.8
AP024 GEV 64.0 85.6 99.9 113.7 131.7 145.2 158.8 176.7
AP027 GUMBEL 80.8 104.5 120.2 135.2 154.7 169.2 183.8 202.9
AU013 GEV 54.1 73.1 86.4 99.9 118.3 132.9 148.2 169.4
AU022 GEV 64.8 89.3 106.5 123.6 146.9 165.2 184.1 210.2
AU024 GEV 59.0 76.3 88.5 100.9 117.9 131.4 145.6 165.5
AR001 GEV 74.4 95.1 109.6 124.0 143.5 158.8 174.6 196.4
AR002 GLO 68.9 92.4 114.7 143.7 197.4 254.8 332.7 480.1
AR004 GEV 68.6 85.5 98.1 111.2 130.1 145.7 162.7 187.4
AR008 GEV 73.7 95.4 111.9 129.6 155.5 177.3 201.5 237.6
AR014 GEV 66.9 87.5 103.5 120.7 146.2 168.0 192.4 229.1
AD004 GEV 62.2 82.9 98.6 115.2 139.5 159.9 182.3 215.5
AN004 GEV 70.7 95.1 111.8 128.2 150.1 166.9 184.1 207.5
AN007 GUMBEL 53.6 69.0 79.2 89.0 101.6 111.1 120.6 133.0
AN027 GPA 69.7 98.9 116.8 131.8 147.9 157.8 166.0 174.9
BA007 GNO 53.3 74.9 94.6 117.9 154.9 188.3 226.9 286.8
BA053 GEV 69.6 92.4 111.6 134.0 169.9 203.2 242.9 307.6
BC011 GEV 69.2 94.5 113.3 132.9 161.1 184.4 209.6 246.3
BC013 GEV 71.1 100.0 121.0 142.6 172.9 197.5 223.7 261.2
BC015 PE3 75.3 118.2 158.3 201.7 262.4 309.9 358.4 423.7
BC023 GUMBEL 66.9 89.6 104.6 119.0 137.6 151.5 165.5 183.8
BC026 GUMBEL 71.7 96.8 113.4 129.3 149.9 165.3 180.7 201.0
BB003 GEV 82.5 117.8 143.0 168.7 204.2 232.7 262.7 305.0
BB006 GEV 98.1 146.3 178.8 210.3 251.7 283.1 314.8 357.2
BB017 GEV 77.1 110.1 137.0 167.4 214.5 256.7 305.7 383.0
BE004 GNO 85.4 127.7 161.1 197.0 249.1 292.5 339.7 408.2
BE016 GEV 77.9 113.9 140.4 168.1 207.4 239.6 274.5 324.8
BE019 GUMBEL 79.3 111.5 132.8 153.2 179.7 199.5 219.2 245.3
BE031 GEV 74.4 97.5 115.5 135.1 164.5 189.9 218.4 261.8
BE039 GUMBEL 75.5 103.1 121.3 138.8 161.4 178.4 195.3 217.6
BE047 GEV 75.8 105.1 125.9 147.0 175.8 198.7 222.7 256.2
BE050 GEV 70.6 103.9 130.7 160.7 206.9 247.9 295.2 369.1
BL006 GEV 75.1 105.6 131.4 161.4 209.7 254.3 307.7 394.8
BL009 GEV 67.3 101.1 128.1 158.0 203.5 243.6 289.4 360.3
BL021 GUMBEL 74.6 100.5 117.7 134.2 155.6 171.5 187.5 208.5
BL045 GUMBEL 68.4 91.9 107.4 122.3 141.6 156.1 170.5 189.5
BL047 PE3 71.1 117.1 154.6 193.3 245.6 285.7 326.2 380.1
BN007 GEV 70.2 97.9 118.3 139.5 169.5 194.0 220.5 258.6
BN022 GEV 67.6 90.3 106.0 121.7 142.8 159.4 176.4 199.9
BN032 GUMBEL 70.0 101.1 121.7 141.5 167.1 186.3 205.4 230.6
BN060 GNO 68.9 107.6 140.3 177.2 233.0 281.4 335.5 416.7
BG011 GUMBEL 81.1 107.1 124.3 140.8 162.2 178.3 194.2 215.3
BG017 GEV 77.7 101.5 118.4 135.4 158.7 177.2 196.6 223.6
BG028 GEV 59.7 79.0 94.0 110.3 134.5 155.2 178.4 213.4
CE002 GUMBEL 48.5 64.4 74.9 85.0 98.1 107.9 117.7 130.6
CE010 GUMBEL 97.1 127.9 148.4 168.0 193.3 212.3 231.3 256.3
CB003 GPA 73.5 117.9 157.0 201.5 270.0 330.3 399.1 504.9
CB011 GEV 62.0 84.8 102.6 122.0 151.0 176.1 204.4 247.3
CB015 GEV 53.6 72.9 87.7 103.7 127.5 147.8 170.5 204.6
CB017 GUMBEL 53.7 68.0 77.6 86.7 98.5 107.4 116.2 127.8
CB022 GUMBEL 56.7 68.7 76.6 84.2 94.1 101.4 108.8 118.5
ES021 GEV 47.7 63.6 76.2 90.2 111.4 130.0 151.2 184.0
ES029 GUMBEL 52.3 71.9 84.9 97.3 113.4 125.5 137.5 153.4
ES033 GUMBEL 44.6 60.5 71.0 81.1 94.2 104.0 113.7 126.6
ES036 GUMBEL 56.6 74.6 86.5 98.0 112.8 123.9 135.0 149.5
ES048 GEV 77.7 106.6 128.5 151.8 185.5 213.9 245.1 291.2
ES057 GEV 78.3 102.0 118.0 133.7 154.4 170.3 186.3 208.0
ES069 GEV 63.9 85.3 101.1 117.6 141.1 160.5 181.4 211.7
ES073 GEV 56.3 76.5 93.4 112.7 143.4 171.5 204.6 258.0
ES077 GEV 73.5 97.8 116.3 136.1 165.2 189.9 217.1 257.8
ES080 GUMBEL 51.9 68.2 79.0 89.3 102.7 112.8 122.8 136.0
ES102 GEV 48.8 65.9 78.0 90.2 106.9 120.2 134.1 153.5
ES103 GEV 47.0 65.4 80.7 98.3 126.2 151.7 181.8 230.2
ES113 GEV 48.0 65.5 78.2 91.2 109.3 124.0 139.6 161.8
ES115 GEV 44.0 60.2 71.7 83.4 99.7 112.7 126.4 145.8
ES121 GPA 76.2 124.5 164.2 206.7 267.8 317.9 371.7 448.9
AG003 GEV 61.8 79.8 92.3 104.7 121.5 134.6 148.1 166.6
GF001 GUMBEL 64.1 84.6 98.2 111.3 128.1 140.8 153.4 170.0
GA002 GUMBEL 46.2 61.1 71.0 80.4 92.7 101.8 111.0 123.1
GA004 GEV 43.9 57.8 67.6 77.4 90.8 101.3 112.3 127.5
GA011 GEV 42.4 58.6 70.4 82.4 99.2 112.7 127.1 147.5
GA013 GUMBEL 43.9 55.9 63.9 71.5 81.4 88.8 96.2 105.9
GA017 GUMBEL 61.8 85.3 100.9 115.8 135.2 149.7 164.1 183.2
GA027 GUMBEL 50.5 65.6 75.5 85.1 97.4 106.7 115.9 128.1
GX009 GEV 89.0 121.5 143.1 163.7 190.5 210.5 230.5 256.9
GX021 GEV 101.2 143.1 174.3 207.2 254.5 293.8 336.6 399.1
GX030 GUMBEL 96.0 133.7 158.7 182.6 213.6 236.9 260.0 290.6
GI012 GEV 82.7 117.1 141.3 165.7 198.9 225.2 252.6 290.6
GI017 GEV 75.4 103.4 123.5 144.1 172.7 195.7 220.0 254.4
MA005 GEV 67.4 91.1 108.8 127.5 154.3 176.6 200.9 236.4
MA009 GEV 63.1 88.7 108.5 130.0 162.0 189.4 220.2 266.7
MA015 GEV 69.2 102.6 130.9 163.6 216.3 265.0 323.2 418.1
MA026 GEV 75.7 105.1 128.1 153.2 190.8 223.2 259.8 315.5
MA042 GEV 75.1 101.3 119.1 136.5 159.4 176.9 194.6 218.5
MA048 GEV 65.9 85.6 99.9 114.7 135.4 152.3 170.4 196.2
MA059 GEV 77.8 106.1 124.9 143.1 166.8 184.6 202.5 226.3
MI006 GEV 70.9 95.1 111.6 127.9 149.6 166.2 183.2 206.3
MO014 GUMBEL 105.3 154.0 186.2 217.1 257.0 287.0 316.8 356.2
MO016 GEV 83.9 120.8 147.2 174.2 211.5 241.5 273.1 317.8
MO018 GUMBEL 85.7 118.0 139.5 160.0 186.6 206.6 226.5 252.7
NO002 GEV 48.5 66.1 80.5 96.7 122.0 144.7 171.1 212.9
NO011 GUMBEL 49.4 65.3 75.9 86.0 99.2 109.0 118.8 131.8
NO024 GEV 44.4 59.8 70.3 80.7 94.5 105.1 115.9 130.6
OS005 GLO 58.8 74.5 85.1 95.9 111.4 124.2 138.1 158.7
OS009 GEV 66.7 93.0 113.7 136.5 170.9 200.9 235.0 287.2
OS016 GEV 76.6 103.2 122.4 142.0 169.2 191.0 214.2 246.9
OS017 GEV 71.2 91.1 107.4 125.9 154.7 180.7 210.9 258.9
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ID FittedDistribution
Intensity
(mm/dia)
T = 2 years
Intensitat
(mm/dia)
T = 5 years
Intensitat
(mm/dia)
T = 10 years
Intensitat
(mm/dia)
T = 20 years
Intensitat
(mm/dia)
T = 50 years
Intensitat
(mm/dia)
T = 100 years
Intensitat
(mm/dia)
T = 200 years
Intensitat
(mm/dia)
T = 500 years
OS023 GLO 63.0 79.5 91.2 103.5 121.7 137.2 154.6 181.1
OS026 GLO 58.5 73.5 85.3 98.7 120.1 140.0 163.9 203.2
OS041 GEV 71.5 91.4 106.5 122.8 146.7 167.0 189.5 223.0
OS055 GEV 65.0 85.4 100.3 115.6 137.2 154.7 173.5 200.3
OS060 GEV 93.0 125.4 148.0 170.5 200.9 224.7 249.2 283.0
PJ003 PE3 79.8 117.0 143.9 170.3 204.7 230.5 256.1 289.8
PJ006 GEV 64.6 81.6 93.4 105.1 120.7 132.9 145.3 162.4
PJ015 GEV 56.0 70.5 80.4 90.1 103.0 112.9 123.0 136.6
PJ017 GEV 50.6 67.9 80.2 92.8 110.1 124.0 138.6 159.2
PJ024 GUMBEL 60.8 81.5 95.2 108.3 125.4 138.1 150.8 167.6
PJ026 GEV 53.2 71.4 85.7 101.3 124.9 145.4 168.6 204.0
PJ029 GEV 65.6 87.1 102.2 117.5 138.4 155.0 172.3 196.4
PS006 GEV 54.6 73.3 87.4 102.4 124.0 142.0 161.8 190.9
PS009 GUMBEL 77.2 104.7 122.9 140.4 163.0 180.0 196.8 219.1
PS014 GEV 52.7 72.0 84.8 97.1 113.0 124.9 136.7 152.4
PS018 GEV 52.0 68.0 82.8 101.4 133.9 166.6 208.5 282.8
PS025 GUMBEL 58.3 73.0 82.7 92.0 104.1 113.1 122.1 134.0
PE008 GUMBEL 93.0 126.1 148.1 169.1 196.4 216.8 237.2 264.0
PU007 GEV 41.8 57.3 69.3 82.2 101.3 117.6 135.7 162.9
PR011 GEV 65.1 92.5 113.6 136.4 170.1 198.9 230.9 279.1
RE001 GEV 56.7 74.2 86.4 98.6 115.3 128.5 142.1 161.0
RE005 GUMBEL 59.7 79.8 93.1 105.9 122.4 134.7 147.1 163.3
RE006 GEV 50.5 72.3 90.4 111.1 143.9 173.8 209.0 265.4
RE023 GLO 61.9 91.3 114.0 139.5 179.7 216.4 259.9 330.3
RE029 GEV 75.9 114.3 144.7 178.0 228.5 272.4 322.3 398.9
RE031 GEV 64.3 94.0 120.2 151.9 205.1 256.5 320.1 428.2
RI006 GNO 92.1 144.7 183.4 221.6 271.6 309.3 346.7 396.2
RI023 GEV 89.9 115.7 132.8 149.3 170.7 186.8 202.9 224.2
RI025 GEV 69.1 92.0 109.4 127.9 154.9 177.7 202.8 240.0
SG001 GEV 50.7 67.2 78.8 90.5 106.5 119.2 132.4 150.8
SG006 GUMBEL 47.2 61.8 71.5 80.8 92.8 101.8 110.8 122.7
SE007 GUMBEL 42.9 55.6 64.0 72.0 82.4 90.2 98.0 108.2
SE020 GUMBEL 41.2 54.4 63.2 71.6 82.5 90.6 98.7 109.4
SE031 GUMBEL 47.3 61.4 70.6 79.6 91.1 99.8 108.4 119.8
SE039 GUMBEL 49.7 67.2 78.8 89.9 104.2 115.0 125.7 139.9
SE044 GUMBEL 40.2 54.5 64.0 73.1 84.8 93.6 102.4 113.9
SV002 GNO 72.4 101.4 126.0 154.8 201.2 244.4 296.3 381.2
SV018 GEV 75.3 105.4 128.7 154.0 191.8 224.1 260.4 315.3
SV035 GEV 86.0 119.5 141.6 162.9 190.5 211.2 231.8 259.1
SV048 GNO 65.7 95.4 121.1 150.3 195.1 234.3 278.5 345.4
SO005 GEV 55.4 73.9 86.7 99.3 116.2 129.3 142.7 161.0
SO011 GEV 65.4 85.9 99.6 112.8 130.1 143.1 156.2 173.5
TG001 GUMBEL 69.3 91.9 106.8 121.1 139.6 153.5 167.3 185.6
TA011 GUMBEL 63.0 83.7 97.4 110.6 127.6 140.4 153.1 169.9
TA013 GUMBEL 49.4 63.4 72.7 81.6 93.2 101.8 110.4 121.8
UG004 GEV 45.9 61.8 73.0 84.1 99.2 111.1 123.4 140.3
UG013 GEV 41.5 56.1 65.9 75.3 87.7 97.2 106.6 119.3
UG017 GEV 41.4 53.2 62.2 72.1 86.6 99.1 113.0 134.0
UG019 GEV 52.3 69.5 81.8 94.3 111.7 125.6 140.3 161.1
UG020 GEV 46.2 59.7 69.5 79.6 93.7 105.0 117.1 134.4
VA010 GEV 56.3 70.3 80.6 91.3 106.4 118.8 132.1 151.2
VC010 GEV 75.9 105.4 128.6 154.0 192.4 225.8 263.6 321.5
VC017 GUMBEL 69.4 97.1 115.4 132.9 155.7 172.7 189.7 212.0
VC022 GEV 68.4 93.1 112.8 134.7 168.0 197.2 230.7 282.4
VR030 GEV 76.0 100.5 117.2 133.6 155.3 172.0 188.9 211.8
VR040 GEV 67.6 96.2 117.1 138.8 169.5 194.5 221.3 259.8
VR051 GEV 72.1 99.0 117.2 135.0 158.4 176.2 194.2 218.4
VR057 GEV 65.5 84.9 99.2 114.3 135.8 153.5 172.7 200.6
VR063 GUMBEL 114.0 157.2 185.9 213.4 249.0 275.6 302.2 337.3
VR078 GEV 68.3 92.5 111.7 132.9 165.1 193.3 225.4 274.9
Table 6.2: maximumexpected intensity at 24 hours for several return periods at the 163 selected
locations (more information on the location and used series, like spatial coordinates or number
of years, can be found in Table[3.3]).
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Figure 6.5: expected maximum rainfall in 24 hours with a return period of 2 years.
Figure 6.6: expected maximum rainfall in 24 hours with a return period of 20 years.
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Figure 6.7: expected maximum rainfall in 24 hours with a return period of 200 years.
6.3 Comparison with other author’s results
In this section, expectedmaximumrainfall in24hoursobtained in thepresentproject
is compared to the results of previous works that had been accomplished in Catalonia,
namely, the works done by Casas et al. (2007) and also presented in Casas et al. (2005),
which are the intensity - frequency relationships for 24 hours currently used by the SMC.
Fig[6.8], Fig[6.10] and Fig[6.12] show the results published by Casas et al. (2005)
that display themaximum expected intensity for 24 hours rainfall at several return peri-
ods. Fig[6.9], Fig[6.11] and Fig[6.13] show the spatial differences inmaximum expected
rainfall calculated as the results provided by Casas et al. (2005) and subtracting the re-
sults obtained in the present project.
Results obtained in both cases are quite similar, although they have been obtained
with different databases and by different methodologies. The weighted interpolation
including altitude in the results of the present project gives a better spatial resolution
with distinct values between the peaks and the valleys in the western Pyrenees; other
important mountain ranges like Montsec (between Pallars Jussà and Noguera counties)
can also be spotted to have slightly higher expected intensities than their surroundings
at lower altitudes.
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Figure 6.8: expected maximum rainfall in 24 hours with a return period of 2 years. Source:
Casas et al. (2005).
Figure 6.9: differences in maximum expected rainfall in 1 day and return period of 2 years:
results of the present project subtracted from results provided by Casas et al. (2005).
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Figure 6.10: expected maximum rainfall in 24 hours with a return period of 10 years. Source:
Casas et al. (2005).
Figure 6.11: differences in maximum expected rainfall in 1 day and return period of 10 years:
results of the present project subtracted from results provided by Casas et al. (2005).
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Figure 6.12: expected maximum rainfall in 24 hours with a return period of 100 years. Source:
Casas et al. (2005).
Figure 6.13: differences in maximum expected rainfall in 1 day and return period of 100 years:
results of the present project subtracted from results provided by Casas et al. (2005).
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Difference in
expected intensity
(mm/day)
Return period:
2 years
Return period:
10 years
Return period:
100 years
[-240, -220) 0.01%
[-220, -200) 0.02%
[-200, -180) 0.03%
[-180, -160) 0.10%
[-160, -140) 0.19%
[-140, -120) 0.42%
[-120, -100) 1.28%
[-100, -80) 2.79%
[-80, -60) 0.5% 6.81%
[-60, -40) 0.17% 1.56% 14.62%
[-40, -20) 2.13% 15.90% 32.08%
[-20, 0) 67.30% 61.28% 28.53%
[0, 20) 29.22% 16.60% 9.10%
[20, 40) 1.18% 3.33% 2.43%
[40, 60) 0.65% 1.16%
[60, 80) 0.08% 0.22%
[80, 100) 0.14%
[100, 120) 0.07%
[120, 140) 0.02%
Table 6.2: percentage of the territory affectedbydifferences of a certainmagnitude (inmm/day)
in expected maximum intensity predicted by Casas et al. (2007) and subtracting the prediction
of the present project for a duration of 24 hours at several return periods.
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As it canbe seenboth in themapsof Fig[6.9], Fig[6.11] andFig[6.13], and inTable[6.2],
spatial differences in maximum expected rainfall are usually low, with over 90% of the
territory having differences under 20mm/day for return periods of 2 years, the same
maximum differences at 78% of the territory for return periods of 10 years and differ-
ences up to 40mm/day over 70% of the territory for return periods of 100 years. The
results of the present project produce overall slightly higher expected intensities and
the spatial regions with most significant differences are the spots of extremest values,
namely, the north of Alt Empordà and the south and west of Montsià that present local
higher expected intensities according to the results of the present project; the maxima
in northeastern Montseny, roughly west of La Selva county, is a region where the val-
ues have been underestimated in the present project, although it produced the absolute
expected maxima for low return periods.
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Figure 6.14: names of the 42 counties in Catalonia for reference of the regionsmentioned in the
discussion.
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Chapter 7
IDF RELATIONSHIPS
The obtainment of IDF relationships comes directly from applying the downscaling
distribution equality (Eq[5.1]) to the high spatial resolution grids of maximum expected
intensity in 24 hours, using the scaling exponent   obtained and discussed in Chapter 5
(see section 5.6). In the present chapter, a collection of maps that display the results of
the project are presented in the first section. The second section of this chapter consists
in a validation of the results.
7.1 Spatial distribution of expected rainfall
Fig[7.1] shows the spatial distribution of maximum expected intensity in 1 hour for
eight different return periods. As it can also be seen for a different duration (Fig[7.2],
Fig[7.3], Fig[7.4] and Fig[7.5]), maximum expected intensity presents low spatial vari-
ability at low return periods; at high return periods there are regions where expected
intensity rises considerably while in other regions (mainly the western area) expected
maximum intensity is low.
The SMChas definedweatherwarnings for risk of precipitation episodes both for in-
tensities and accumulation. The threshold to issue a warning of precipitation intensity
is at 20mm/30 min (low level) and 40mm/30 min (high level). The intensity warning
defined in this way cannot be compared to the presented results of this project as the
temporal downscaling applied is not necessarily valid for a subhourly duration; how-
ever, a threshold of 40mm/1 h has been analysed. The threshold to issue a warning of
precipitation accumulation is 100mm/24 h (low level) and 200mm/24 h (high level).
Table[7.1] summaries the percentage of the territory where the mentioned thresholds
are expected to be exceeded depending on the return period.
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(a) return period: 2 years. (b) return period: 5 years.
(c) return period: 10 years. (d) return period: 20 years.
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(e) return period: 50 years. (f) return period: 100 years.
(g) return period: 200 years. (h) return period: 500 years.
Figure 7.1: maximum expected rainfall for 1h. Results of the project after temporal monofractal
scaling at high spatial resolution (grid of 1 km x 1 km) from spatial interpolation at 163 daily
precipitation measuring sites.
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(a) return period: 2 years. (b) return period: 5 years.
(c) return period: 10 years. (d) return period: 20 years.
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(e) return period: 50 years. (f) return period: 100 years.
(g) return period: 200 years. (h) return period: 500 years.
Figure 7.2: maximum expected rainfall for 6h. Results of the project after temporal monofractal
scaling at high spatial resolution (grid of 1 km x 1 km) from spatial interpolation at 163 daily
precipitation measuring sites.
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(a) return period: 2 years. (b) return period: 5 years.
(c) return period: 10 years. (d) return period: 20 years.
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(e) return period: 50 years. (f) return period: 100 years.
(g) return period: 200 years. (h) return period: 500 years.
Figure 7.3: maximum expected rainfall for 12h. Results of the project after temporal monofrac-
tal downscaling at high spatial resolution (grid of 1 km x 1 km) from spatial interpolation at 163
daily precipitation measuring sites.
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(a) return period: 2 years. (b) return period: 5 years.
(c) return period: 10 years. (d) return period: 20 years.
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(e) return period: 50 years. (f) return period: 100 years.
(g) return period: 200 years. (h) return period: 500 years.
Figure 7.4: maximum expected rainfall for 24h. Results of the project at high spatial resolution
(grid of 1 km x 1 km) from spatial interpolation at 163 daily precipitation measuring sites.
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(a) return period: 2 years. (b) return period: 5 years.
(c) return period: 10 years. (d) return period: 20 years.
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(e) return period: 50 years. (f) return period: 100 years.
(g) return period: 200 years. (h) return period: 500 years.
Figure 7.5: maximum expected rainfall for 48h. Results of the project after temporal monofrac-
tal scaling at high spatial resolution (grid of 1 km x 1 km) from spatial interpolation at 163 daily
precipitation measuring sites.
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Return period
Intensity
threshold:
40mm/h
Accumulation
threshold:
100mm/24h
Accumulation
threshold:
200mm/24h
2 years 19.1% 1.2% 0.0%
5 years 72.0% 36.0% 0.0%
10 years 90.5% 65.4% 0.0%
20 years 97.5% 81.8% 3.6%
50 years 100% 90.9% 15.4%
100 years 100% 96.2% 30.6%
200 years 100% 98.7% 47.3%
500 years 100% 100% 65.8%
Table 7.1: percentage of the territory where rainfall in 1 hour or in 24 hours is expected to
exceed a threshold related to a weather warning.
In Table[7.1] the percentage of the territory in which rainfall is expected to exceed
certain thresholds is calculated for each of the considered return periods.
The threshold of intensity (mm/h) is the threshold used by most home insurance
companies and it is exceeded in most of the territory for medium return periods and it
is exceeded in the whole territory for return periods of 50 years and higher.
The two thresholds of accumulation in 24 hours (low level risk, as defined by the
SMC, of 100mm and high level risk at 200mm) are not as generally exceeded as the in-
tensity threshold. Accumulations of 100 mm in 24 hours are expected to be exceeded
in over 80% of the territory only for return periods of at least 20 years. Accumulations
of 200 mm in 24 hours are only expected to be exceeded in around half the territory for
long return periods (over 200 years).
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7.2 Validation of subdaily downscaling
In order to validate the results obtained from the temporal downscaling, a com-
parison with results of a different methodology and database has been performed. In
particular, maximum expected rainfall in 1 hour presented in the previous section (see
Fig[7.1]) is compared tomaximum expected rainfall in the same duration obtained from
hourly data at a selection of 105 AWS. The selected 105 locations used to check the per-
formance of the downscaling are series with a minimum of 15 years of complete hourly
data, with a spatial density similar to the one of the 163 daily series and covering the
whole study area (see Fig[7.6]). The results obtained from the 105 AWS series of hourly
data, will be, form now on, referred to the control results.
Figure 7.6: selection of 105 AWS that have complete
hourlydata for at least 15years in theperiod1990-2017.
Expected maximum intensity
of rainfall in 1 hour at several re-
turn periods have been obtained
following a similar procedure to
the one followed in Chapter 6 for
daily data. However, in the case
of the control results, the obtain-
ment of intensity - frequency rela-
tionships has not been so careful
given that the objective is to gain
an overall idea of the magnitude
of the differences between the two
methodologies (i.e., the control re-
sults will not be presented as ac-
tual results, nor used afterwards
with any other intention than to
validate the primary results of the
project).
The procedure followed to ob-
tain the control results from 105 selected AWS (see Fig[7.6]) is to obtain the series of
annual maximum rainfall in 1 hour, correct these series from fixed to sliding interval,
adjust these series to a probability distribution function and obtain the expected maxi-
mum intensity predicted by the distribution. The steps of adjustment to a distribution
has not been applied so carefully as in the primary results of the project, as series of
maxima have been adjusted to either a GUMBEL or GEV distribution without consider-
ing other distributions, nor spatially checking the results before deciding the final ad-
justment. The multiplicative correction from fixed to sliding intervals has also been im-
plemented in a general manner: all values have been corrected by amultiplicative factor
of 1.129 (the global correction factor obtained for daily data in the whole study area)
because the study of the correction factors has not been accomplished in the present
project for subdaily data (hence, a better precision is not possible), but correcting fac-
tors for 1 hour and 1 day should be the same according to Weiss (1964).
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Figure 7.7: difference of expected maximum rainfall (in 1 hours and return period of 2 years)
between the results obtained with AWS or downscaling daily data following the monofractal
methodology.
Figure 7.8: difference of expected maximum rainfall (in 1 hours and return period of 20 years)
between the results obtained with AWS or downscaling daily data following the monofractal
methodology.
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Figure 7.9: difference of expectedmaximum rainfall (in 1 hours and return period of 200 years)
between the results obtained with AWS or downscaling daily data following the monofractal
methodology.
Fig[7.7], Fig[7.8] and Fig[7.9] prove a good working of the monofractal temporal
downscaling implemented in the present project. Indeed, differences are low in most of
the territory (under 12mm/h). The greatest differences in expectedmaximum intensity
are found for long return periods (e.g., differences over 86mm/h can be found at return
periods of 200 years, see Fig[7.9]).
It is at both the northeastern and southwestern corners, where the highest inten-
sities are expected, that the maximum differences are found, although in very localised
areas. It should be noticed that, especially regarding the differences at he southwestern
corner, the results of the present project are more reliable as weather stations outside
theborders of Cataloniawere also considered. Maximumexpected intensity inMontseny
is higher in the primary results of the project and the observed differences are consid-
ered to be caused by an underestimation of the prediction in that region given the short
length of the control samples; especially considering that in the comparison with the
results of Casas et al. (2007) for 24 hours, the primary results of the project underesti-
mated intensity instead of overestimating it.
Table[7.2] shows that most differences between the control results and the primary
results are negative, meaning that the primary results predict higher hourly maxima.
Also, the vast majority of the territory, over 95% of the spatial area, presents maximum
differences of 20mm/h for return periods of 2 years (when the control results are most
reliable due to short available series). At higher return periods, differences with the
control results grow extremely big (up to 180mm/h) but only in localised areas, while
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over 90% of the territory presents differences under 80mm/h.
Difference in
expected intensity
(mm/h)
Return period:
2 years
Return period:
20 years
Return period:
200 years
[-180, -160) 0.02%
[-180, -160) 0.11%
[-160, -140) 0.15%
[-140, -120) 0.93%
[-120, -100) 1.42%
[-100, -80) 0.07% 4.50%
[-80, -60) 0.78% 9.52%
[-60, -40) 0.05% 6.67% 20.36%
[-40, -20) 3.45% 31.47% 20.01%
[-20, 0) 94.25% 51.62% 36.95%
[0, 20) 2.25% 8.39% 6.03%
Table 7.2: percentage of the territory affected by differences of a certain magnitude (in mm/h)
in expectedmaximum intensity predicted by bothmethodologies for a duration of 1 hour at sev-
eral return periods. Differences are obtained by subtracting temporal downscaled results from
control results, i.e., negative differences are found when control values are lower than primary
values of the project.
Automatic weather stations will be more reliable to construct IDF relationships in
the future, when these stations will be able to provide longer time series. In the mean-
time, themonofractal temporal downscaling is a goodmethodology to estimate subdaily
maxima from daily rainfall data.
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Conclusions
The first part of the project was dedicated to acquire a knowledge of available his-
toric daily rainfall data in Catalonia and select the series that are used in the rest of the
project. Daily rainfall data was quality controlled and the homogeneity of the series was
checked.
Instead of correcting daily data, which is controversial in the study of extremes and,
in any case, it could compromise the final results if the correctionwere not adequate, the
policy has been to select the best data to be used in the project. The quality control was
implemented to approach the selection of quality series, starting by the definition of a
quality index that is calculated for each year of each series using only daily rainfall data
in that year. Afterwards, a relative quality control was designed where each daily value
of each rainfall series (14, 144, 395 values in total) were compared to spatially nearby
measures of the sameday and labelled according to their reliability. The implementation
of this designed quality control is satisfactory, although a 25.7% of the days could not be
checked for lack of an adequate reference; a 74% of rainfall daily values in the database
were considered reliable ("valid" label).
The quality control carried out in the scope of the present project is useful for the
Meteorological Service of Catalonia, as it has now a tool to clear historical data from
major errors, as well as to select the best quality rainfall data for specific purposes. The
work done in the design and implementation of the quality control methodology of the
present project led to a published paper: Llabrés-Brustenga et al. (2019).
The selection of data to be used in the rest of the project is also carried out in this first
part of the project, in Chapter 3. The selection took into account the results of the quality
checks: the quality indices and the results of the relative spatial comparison of rainfall
measures. But also ahomogeneity checkwasperformed. As it hadbeen thepolicy during
the quality control, after the homogeneity checks the values were not corrected but se-
lected or disregarded. The homogeneity correction is extremely important in the study
of climate, but it could be problematic in the study of extreme values; hence, only fairly
homogeneous series have been used and inhomogeneous series were disregarded.
Thefinally selecteddataset consists in 163 series uniformly spreadover the territory
and with daily data in the temporal period 1942-2016. Some years of data in selected
series have been disregarded in case they did not complywith the proposed filters, how-
ever, all selected series have aminimumof 25 yearswith complete and high quality daily
precipitation data.
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The second part of the project (Chapters 4, 5 and 6) consisted in preparing the ob-
tainment of intensity-duration-frequency relationships. Firstly, in Chapter 4, the series
of annual maximum rainfall in 24 hours for 163 locations were obtained after a correc-
tion of the maximum values in one day (fixed time interval) with a multiplicative factor.
The choice of the multiplicative factor used in the project is supported by the analysis
of the empirical correction factors in Catalonia obtained as the averaged ratios of rain-
fall amounts measured using fixed time intervals and rainfall amounts measured using
unrestricted (sliding) intervals of the same duration using a selection of 120 AWS. The
mean value for the whole study area results in amultiplicative factor of 1.129±0.002 for
intervals of one day. However, the empirical value presents spatial differences that were
related to climatic features in this study. The empirical correction factor was analysed
taking into account seasonality and geographical location. In general, the correction fac-
tor was found to be lower in the driest areas of Catalonia, but a high spatial variability
was observed, which depends clearly on the season. Rainfall maxima recorded in sum-
mer in Catalonia are often produced by local andmesoscale formationswith remarkable
diurnal cycles for which the diurnal heating surface effect is decisive in their convective
development. In concordance with that, summer is the season when lower correction
factors are needed due to very low fraction of the daily rainfall registered at fixed inter-
val starting time (8 a.m.). Series of annual maximum rainfall in one day were corrected
at each location using the empirical correction factor spatially interpolated at that par-
ticular location (from the 120 empirical results) and depending on the season of the
particular maximum at each year. The same procedure was implemented to correct se-
ries of annual maximum rainfall at longer duration, up to 15 days, which were needed
to calculate the scaling exponent of Chapter 5.
In Chapter 5, the implemented fractal theorywas presented. Themonofractal down-
scaling methodology can be applied as long as in the calculation of the scaling exponent,
the logarithm of statistical moments of annual maximum rainfall series and the loga-
rithmof order q of themoments have a linear relationship, hence, there is a single scaling
exponent. The monofractal scaling theory was implemented and the value of the scal-
ing exponent was obtained and analysed; this part of the project resulted in a published
paper: Casas-Castillo et al. (2018a).
Inmost of Catalonia, empirical values of the scaling exponent  range between 0.82
(percentile 0.20) and 0.76 (percentile 0.80), with a mean of 0.79. Despite of the high
variability of this parameter, which seems to depend on the longitude of the sample and
the presence of particular episodes in it (the specific chosen time period), a spatial anal-
ysis reveals a certain configurationwhich can be related to some specific climatic rainfall
characteristics. Analysing the spatial distribution of this parameter, two distinct zones
were detected: a northern area with a mean value of  0.75, matching a mountainous
area with some Atlantic influence at its most northwestern corner, and a southwestern
area with amean value of 0.81, in great concordance with the driest cares of Catalonia.
Apart from these distinct zones, at the eastern zone, low  values are distributed over ar-
eas of clear Mediterranean influencewhere convective rainfall occurs often. This results
are in agreement with those obtained by Rodríguez-Solà et al. (2017), that found a gen-
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eral concordance between the spatial distribution of   over the Iberian Peninsula and
the mean annual precipitation distribution, with high values in rainy areas and low for
the dry ones, with some discrepancies related to the kind of precipitation contributing
to high rainfall events and the proportion of convective rainfall in total.
The scaling exponent analysed in Chapter 4 was spatially interpolated and its corre-
sponding value was obtained in a grid of 1 km x 1 km that can be used in the temporal
downscaling of expected intensity obtained for 24 hours in the nodes of the grid. In this
way high spatial and temporal resolution is achieved. The grid of spatially interpolated
values maintains the characteristics of the results obtained at the 163 individual loca-
tions: the mean value of   in the grid nodes is 0.79 and most of the territory presents
values between 0.80 (percentile 0.20) and 0.77 (percentile 0.80).
In Chapter 6, intensity - frequency relationships were found for a duration of 24
hours and several return periods. The results were spatially interpolated using a ge-
ographically weighted regression with altitude as an independent variable and a cor-
rection of residuals by kriging. Maximum expected rainfall in 24 hours was compared
to the results of Casas et al. (2007). This comparison (Fig[6.9], Fig[6.11] and Fig[6.13],
and Table[6.2]), shows that spatial differences in maximum expected rainfall in the two
projects are usually low, with over 90% of the territory having differences under 20mm
for return periods of 2 years, the same maximum differences at 78% of the territory for
return periods of 10 years and differences up to 40mm over 70% of the territory for
return periods of 100 years. The results of the present project produce overall slightly
higher expected intensities and the spatial regions with most significant differences are
the spots of extremest values, namely, the north of Alt Empordà and the south and west
of Montsià that present local higher expected intensities according to the results of the
present project; the maxima in northeastern Montseny, roughly west of La Selva county,
is a region where the values have been underestimated in the present project, although
it produced the absolute expected maxima for low return periods.
Obtained results of maximum expected rainfall in 24 hours were also analysed in
relation to current thresholds for weather warnings. Accumulations of 100 mm in 24
hours (low level risk according to SMC warnings) are expected to be exceeded in over
80% of the territory only for return periods of at least 20 years. Accumulations of 200
mm in 24 hours (high level risk according to SMC warnings) are only expected to be
exceeded in around half the territory for long return periods (over 200 years).
Finally, maximum expected rainfall at high spatial resolution was temporally down-
scaled to a selection of subdaily durations (1h, 6h and 12h) and a temporal scaling to 48h
was also performed using the same methodology. IDF results were presented in a col-
lection of maps of expected intensity at the considered return periods. The final results
of the project for a duration of 1 hourwere validatedwith a comparison tomaximumex-
pected rainfall obtained from automaticweather stations (without need of any temporal
downscaling methodology from daily data). The comparison revealed some differences
that could be attributed to the short length of automatic series (hence, low probability of
registering extreme events) and less rigorousness in the quality controls that AWS data
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has undergone (except for data registered in the most recent period, 2008-2016, that is
already of high quality).
Differences found in the section dedicated to validate the obtained IDF relationships
were already expected and are completely acceptable; these differences prove that the
temporal downscaling methodology was needed because AWS are not yet ready to pro-
duce the same results. Automaticweather stationswill bemore reliable to construct IDF
relationships in the future, when these stations are able to provide longer time series. In
the meantime, the monofractal temporal downscaling is a good working methodology
to estimate subdaily maxima from daily rainfall data.
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List of Acronyms
ACA Agència Catalana de l’Aigua
AEMet Agencia Española de Meteorología
AWS Automatic Meteorological Station
CDF Cumulative Distribution Function
DDF Depth-Duration-Frequency
ETRS89 European Terrestrial Reference System 1989
GEV Generalised Extreme Value
GLO Generalised Logistic
GNO Generalised Normal
GPA Generalised Pareto
ICGC Institut Cartogràfic i Geològic de Catalunya
IDF Intensity-Duration-Frequency
PE3 Pearson type III
SAIH Sistema Automático de Información Hidrológica
SMC Servei Meteorològic de Catalunya
SNHT Standard Normal Homogeneity Test
UTM Universal Transverse Mercator
XEMA Xarxa d’Estacions Meteorològiques Automàtiques
(network of AWS managed by the SMC)
XOM Xarxa d’Observadors Meteorològics
(network of manned stations managed by the SMC)
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